Study of the aerodynamics of the Formula 1 rear wheels by Lázaro I Prat, Aleix
 Treball de fi de Grau 
Grau en Enginyeria en Tecnologies Industrials 
 
 
Study of the aerodynamics of the Formula 1 rear 
wheels 
 
MEMORY 
 
 
 
Author:      Aleix Lázaro i Prat 
Director:          Enric Trillas Gay 
Convocatory:  January 2018 
 
Escola Tècnica Superior d’Enginyeria Industrial de Barcelona 
 
 
 
 
1 
Study of the aerodynamics of the Formula 1 rear wheels 
 
 
Abstract 
Within Formula 1, aerodynamics is renowned to be highly important. The interactive fluid-
car influences and even determines which car is the fastest in the Championship, hence 
the necessity to optimize and adapt the design of the car. However, given that the shapes 
of Formula 1 cars are complex; this project has only focused on the improvement of the 
aerodynamics of the rear wheels. For this purpose, an external component placed in 
front of the tires was designed. 
Before starting the optimization procedure, in order to understand the fluid behaviour and 
properly justify the decisions made from the simulation results, some basics of Fluid 
Mechanics were introduced. Therefore, the field of study had been defined and the 
theoretical framework in the project developed. 
Moreover, the designs of the Formula 1 cars have been sliced and detailed. In addition, 
in order to explain 3D geometry simulations were used and the optimization system was 
characterised and analysed. 
Formerly, the optimization procedure was carried out with the hope of improving the 
aerodynamic efficiency coefficient, which is the ratio between the downforce and drag 
force. During the process of this project, procedures were put in place to select the 
adequate parameter shapes that maximized the above ratio. All these tasks were carried 
out which then lead to the design of the component. 
Finally, once the aerodynamic element had been modelled, from different standpoints, 
its incorporation within the geometry of the car had been evaluated. 
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0. Introduction and objectives 
The purpose of this project has been to analyse and improve the Formula 1 rear wheel 
aerodynamics. In order to achieve this goal, an external component will be designed to 
improve the fluid dynamic behaviour of the wheel. This designed element will follow the 
optimization of the aerodynamic efficiency, defined as downforce-drag force ratio. The 
downforce is the one that pushes the body against the road, weather the drag force is 
the contrary to the moving direction. 
The component has been decided to be airfoil-profile-based. Therefore, the number of 
variables will be limited to five: profile shape, main aileron angle, separation between 
main aileron and car floor, relative coordinate’s location of the secondary aileron and its 
angle. Combining the variables, a set of possible designs will be found. From all the 
combinations, the optimization procedure will be based on the selection of the best one. 
No programing optimization method of the shape will be used. 
Finally, the gain in aerodynamic efficiency will be checked. At the same time, the effects 
of the component incorporation will be estimated. The aspects to evaluate will be: weight 
variation, mass centre displacement and environmental impact. 
Car design and fluid mechanics have always fascinated me. With this study, I expanded 
my knowledge of Fluid Mechanics, simulation and design skills. Besides, I could 
experience and realize the grade of complexity that implies working with them. 
Nevertheless, thanks to this project, now I clearly see that this is my passion. 
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1. Fundamentals of aerodynamics 
Since the frame of the project is the Formula 1’s aerodynamics, a definition and 
explanation of the fundamentals of Fluid Mechanics must be given. 
1.1. Fluid definition, proprieties and classification 
The technical definition of fluid is: “Substance that can’t resist shear stress and is 
deformed under its application”.  
Oxford definition: “A substance that has no fixed shape and yields easily to external 
pressure; a gas or (especially) a liquid”.  
The thermal properties of a fluid are: pressure, density, temperature, internal energy, 
enthalpy, entropy, specific heat, viscosity and thermal conductivity. Those nine 
properties are defined by the state of the fluid system, and have a continuous behaviour 
all over the space and are governed by the laws of the thermodynamic equilibrium. 
As it has been said, the fluid used in the study is air. Thus, the majority of the thermal 
properties values are considered parameters in the simulations since they don’t 
significantly change in the earth surface.  
 
1.2. Flow definition and classification 
The flow of a fluid in the fluid mechanics field is the continuous movement of the fluid in 
a current. 
Oxford definition: “(of a liquid, gas or electricity) move steadily and continuously in a 
current or stream”. 
There exist several classifications depending on spatial, temporal and physical 
behaviours. 
1.2.1. Tri-dimensional, bi-dimensional and one-dimensional flow 
As the name itself says, the flow can be classified depending on the spatial behaviour of 
the velocity field: 
 Tri-dimensional flow: 𝑣 = 𝑣(𝑥, 𝑦, 𝑧). Example: fluid moving on the space. 
 Bi-dimensional flow: 𝑣 = 𝑣(𝑥, 𝑦). Example: fluid moving on a plane. 
 One-dimensional flow: 𝑣 = 𝑣(𝑥). Example: fluid inside a pipe. 
1.2.2. Steady and unsteady flow 
Depending on the temporal behaviour of its properties: 
Steady flow: The flow properties and the time are independent of each other. 
Unsteady flow: The flow properties depend on time. 
In the following image (Figure 1.1) it can be seen the velocity-time behaviour of the 
mentioned flows. 
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(Eq. 1) 
 
Figure 1.1. Velocity-time charts of unsteady and steady flows. Source: ©2002 Wadsworth group / Thomson learning. 
1.2.3. Inviscid and viscous flow 
Depending on the viscosity the flow classification is: 
 Inviscid flow: The viscosity effects can be neglected. 
 Viscous flow: Are principally external flows. 
1.2.4. Compressible and incompressible flow 
This classification divides the flow in two groups depending on the Mach number: if it is 
smaller than 0.3 the flow is incompressible, otherwise is compressible. The Mach number 
is a dimensionless quantity, calculated as the ratio between the flow speed (v) and the 
propagation speed of the sound in the fluid (a) that describes the density behaviour. 
Thus: 
Compressible flow: Mach number =
𝑣
𝑎
> 0.3 . The variation of the density can’t be 
neglected. 
Incompressible flow: Mach number =
𝑣
𝑎
< 0.3 . The density can be considered as 
a parameter. 
1.2.5. Laminar and turbulent flow 
Depending on the Reynolds number there are two types of flow: laminar and turbulent. 
The Reynolds number is a dimensionless quantity of the Newtonian fluids that helps to 
predict the flow patterns. It is calculated as: 
𝑅𝑒 =
𝜌 · 𝑉 · 𝐿
𝜇
=
𝑉 · 𝐿
𝜐
 
Where: 
𝜌 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 (𝑘𝑔/𝑚3) 
𝑉 𝑖𝑠 𝑡ℎ𝑒 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 (𝑚/𝑠) 
𝐿 𝑖𝑠 𝑡ℎ𝑒 𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐 𝑙𝑖𝑛𝑒𝑎𝑟 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛 (𝑚) 
𝜇 𝑖𝑠 𝑡ℎ𝑒 𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 (𝑘𝑔/𝑚 · 𝑠) 
𝜐 𝑖𝑠 𝑡ℎ𝑒 𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑙𝑢𝑖𝑑 (𝑚2/𝑠) 
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(Eq. 2) 
As it can be seen in the first equation, three of the four variables depend on the fluid. 
Although, the characteristic linear dimension only depends on the geometry of the 
simulated object.  
Like in compressibility, there is a critical value of the Reynolds number (Recr) that 
characterise the classification. 
Thus: 
Laminar flow: Reynolds number below Recr. The fluid flows slowly and the inertial 
effects can be neglected. The particles don’t significantly mix with each other. 
Turbulent flow: Reynolds number over Recr. The fluid produces turbulences, the 
flow path changes irregularly and the fluid properties vary with the time and 
space. 
 
1.3 Govern equations of the flow 
There exists three basic techniques for the study of fluids: experimental, integral and 
differential analysis.  
The differential analysis is the one used by the computational fluid dynamics software, 
and the one used in this project. It is based on numerical analysis that describes the 
exact path of the fluid particles all over the space. It is a complex method that usually 
doesn’t have an exact solution, most of the times the software approximates the results 
until the magnitude of the error makes it negligible. 
1.3.1 Bernoulli equation 
The Bernoulli equation explains the relation between the speed, elevation and pressure 
of a flowing fluid. The equation can only be applied in two points of a flow line with no 
discontinuities between them. The most known form of the equation is the one valid for 
steady incompressible flows neglecting the friction due to viscous forces: 
𝑃
𝜌
+
𝑣2
2
+ 𝑔 · 𝑧 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
Where: 
𝑃 𝑖𝑠 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑎) 
𝜌 𝑖𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝑔/𝑚3) 
𝑣 𝑖𝑠 𝑠𝑝𝑒𝑒𝑑 (𝑚/𝑠) 
𝑔 𝑖𝑠 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 (9,81 𝑚/𝑠2) 
𝑧 𝑖𝑠 𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 𝑎𝑏𝑜𝑣𝑒 𝑎 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑙𝑎𝑛𝑒 (𝑚) 
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(Eq. 3) 
(Eq. 4) 
(Eq. 5) 
(Eq. 6) 
(Eq. 8) 
(Eq. 7) 
1.3.2 Mass conservation equation 
The mass conservation in a control volume is described by the following equation: 
𝜕𝜌
𝜕𝑡
+ 𝛻 · (𝜌 · 𝑉) = 0 
Where: 
𝜌 𝑖𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝑔/𝑚3) 
𝑡 𝑖𝑠 𝑡𝑖𝑚𝑒 (𝑠) 
𝑉 𝑖𝑠 𝑠𝑝𝑒𝑒𝑑 (𝑚/𝑠) 
For steady flow, whose properties only depend just on space and not time, 
𝜕
𝜕𝑡
= 0 leads 
to: 
𝜕
𝜕𝑥
(𝜌 · 𝑢) +
𝜕
𝜕𝑦
(𝜌 · 𝑣) +
𝜕
𝜕𝑧
(𝜌 · 𝑤) = 0 
The formula above is described in the Cartesian coordinate system, where u, v and w 
are the components of the speed in the x, y and z-axis. 
For uncompressible flow, in which the density variation can be neglected, 
𝜕𝜌
𝜕𝑡
= 0 leads 
to: 
𝜕𝑢
𝜕𝑥
+
𝜕𝑣
𝜕𝑦
+
𝜕𝑤
𝜕𝑧
= 0 
Which is described in the Cartesian coordinate system. 
Thus, if the density is constant and so is the mass, the expansion and contraction of the 
volume are balanced.  
1.3.3 Navier-Stokes equations 
Navier-Stokes equations are the result of applying the Newton’s second law over a fluid. 
They are also called momentum conservation equations and describe the motion of the 
substance. Considering the system as a differential control volume, and described in the 
Cartesian coordinate system, they are written as follows: 
𝜌𝑔𝑥 −
𝜕𝑝
𝜕𝑥
+
𝜕𝜏𝑥𝑥
𝜕𝑥
+
𝜕𝜏𝑦𝑥
𝜕𝑦
+
𝜕𝜏𝑧𝑥
𝜕𝑧
= 𝜌 · (
𝜕𝑢
𝜕𝑡
+ 𝑢 ·
𝜕𝑢
𝜕𝑥
+ 𝑣 ·
𝜕𝑢
𝜕𝑦
+ 𝑤 ·
𝜕𝑢
𝜕𝑧
) 
𝜌𝑔𝑦 −
𝜕𝑝
𝜕𝑦
+
𝜕𝜏𝑥𝑦
𝜕𝑥
+
𝜕𝜏𝑦𝑦
𝜕𝑦
+
𝜕𝜏𝑧𝑦
𝜕𝑧
= 𝜌 · (
𝜕𝑣
𝜕𝑡
+ 𝑢 ·
𝜕𝑣
𝜕𝑥
+ 𝑣 ·
𝜕𝑣
𝜕𝑦
+ 𝑤 ·
𝜕𝑣
𝜕𝑧
) 
𝜌𝑔𝑧 −
𝜕𝑝
𝜕𝑧
+
𝜕𝜏𝑥𝑧
𝜕𝑥
+
𝜕𝜏𝑦𝑧
𝜕𝑦
+
𝜕𝜏𝑧𝑧
𝜕𝑧
= 𝜌 · (
𝜕𝑤
𝜕𝑡
+ 𝑢 ·
𝜕𝑤
𝜕𝑥
+ 𝑣 ·
𝜕𝑤
𝜕𝑦
+ 𝑤 ·
𝜕𝑤
𝜕𝑧
) 
 
Where 𝜏𝑖𝑗 is defined as the viscous tension over the plane i with the j direction axis. 
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(Eq. 9) 
Assuming that the flow is characterised as inviscid, meaning no friction, the equations 
can be simplified. The result is known as Euler equation, and it can be expressed as: 
𝜌 · 𝑔 − ∇𝑃 = 𝜌
𝑑𝑉
𝑑𝑡
 
 
1.4 Boundary layer 
The boundary layer is the part of the fluid closer to a body, in which the viscous effects 
are significant. This is where the speed profile describes a parabola from the speed of 
the free stream, just over the layer limit, until zero, where the particles of fluid are right in 
contact with the surface of the body.  
 
 
Figure 1.2. Representation of the boundary layer over a plane. Source: ©2002 Wadsworth group / Thomson 
learning. 
Depending on the length of the path followed by the particles inside the boundary layer, 
the Reynolds number change. Thus, the flow inside the boundary layer can turn from 
laminar to turbulent when the critical Reynolds value is reached (seen in the Figure 1.2). 
That is known as laminar to turbulent transition. The laminar speed profile inside the 
boundary layer is different from the turbulent, and this fact affects the phenomenon 
known as separation of the boundary layer.  
The separation of the boundary layer is the detachment of the boundary layer from the 
object (example seen in the Figure 1.3). That provokes areas where the particles of fluid 
move arbitrarily. This separation is the consequence of the changes in the geometry and 
the Reynolds number. 
 
Figure 1.3. Flowing fluid over a geometry. Source: ©2002 Wadsworth group / Thomson learning. 
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(Eq. 10) 
(Eq. 11) 
1.5 Aerodynamic forces and coefficients 
When a flowing fluid baths a body, it creates two forces: drag and lift. The first one is 
contrary to the movement of the body and the shape of the body as well as the roughness 
of the surface influence it. Therefore, the pressure and the friction contribute to the total 
drag force. Besides, the lift force is due to the difference of length between the upper 
and lower surfaces of the body. However, in the Formula 1 field it is considered the 
opposite of the lift, the downforce.  It is a very important value in the car design, which 
follows the maximization of that parameter. Higher downforce means more adhesion of 
the car against the floor and consequently making it go faster. 
The formulas for the forces are as followed: 
𝐹𝐷𝑅𝐴𝐺 =
1
2
𝜌𝑣2𝐶𝐷𝐴 
𝐹𝐿𝐼𝐹𝑇 =
1
2
𝜌𝑣2𝐶𝐿𝐴 
Where: 
𝜌 𝑖𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝑔/𝑚3) 
𝑣 𝑖𝑠 𝑠𝑝𝑒𝑒𝑑 (𝑚/𝑠) 
𝐶𝐷 𝑎𝑛𝑑 𝐶𝐿 𝑎𝑟𝑒 𝑡ℎ𝑒 𝑑𝑟𝑎𝑔 𝑎𝑛𝑑 𝑙𝑖𝑓𝑡 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡𝑠 
𝐴 𝑖𝑠 𝑡ℎ𝑒 𝑎𝑟𝑒𝑎 (𝑚2) 
During the simulations, the drag and downforce coefficients have been calculated. 
Afterwards, when creating the component that improves the aerodynamics, the goal was 
to increase the aerodynamic efficiency, defined as the downforce-to-drag ratio. 
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2 Car geometry 
Due to the limited processing power of the computer used to simulate, the difficulty of 
meshing complex shapes and the enormous quantity of variables that affect the car’s 
aerodynamics, it has been decided to analyse a very simple Formula 1 geometry in 
specific conditions. Thus, the simulation is a simplified representation of the real case. 
Hence, the results can’t be extrapolated to real Formula 1 cars. 
Although it was not necessary to obey the bodywork and dimensions published in the 
2017 FORMULA ONE THECNICAL REGULATIONS on 30th April 2017 [1], the design of 
the car follows some of those geometrical proportions. 
The specific geometry used in this project has been created with SolidWorks from zero 
and it can be seen in the following picture (Figure 2.1). 
 
Figure 2.1. Designed Formula 1 car 3D isometric view. 
2.1 Formula One main components 
In this section, the main components of the Formula 1 car have been described. In 
addition, it can be seen a picture comparison between the prototype used to simulate, 
and the model described in [1]. This last one has been considered as a reference to 
follow during the design of the Formula 1, given that verifies all the dimensions and 
geometrical requirements.  
2.1.1 Front wing 
The front wing is the component placed in the nose of the car. Its function is to split the 
flow and to direct it: under and over the car, in order to produce downforce; through the 
cooling system, to chill the temperature of the engine; and around the front wheels, to 
avoid the direct impact between those and the fluid. Hence, the main utilities of the front 
wing are to increase the aerodynamic efficiency and to cool down the engine. 
In the following pictures(Figure 2.1, Figure 2.3, Figure 2.4 and Figure 2.5) can be seen 
the comparison between the front of the model and the one used in the simulations. The 
differences in complexity are extremely relevant.  
12 
Study of the aerodynamics of the Formula 1 rear wheels 
 
 
(Eq. 12) 
 
 
 
 
2.1.2 Floor and diffuser 
The profile of the Formula 1 cars work as an inverted wing. The goal is to create a force 
to push the car against the road so it can go faster. After the air is divided in the front of 
the car by the nose, it flows over and below the vehicle and is re-joined right after the 
bottom of it. To generate suction against the pavement the path followed by the fluid 
under the car has to be longer than the one over it. Applying the principle of mass 
conservation it can be deducted that the longer the path the higher the speed. 
Considering the Bernoulli equation (Eq. 2), for constant Z and neglecting the effects of 
the friction: 
𝑃
𝜌
+
𝑣2
2
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
Where: 
𝑃 𝑖𝑠 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑎) 
𝜌 𝑖𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑘𝑔/𝑚3) 
𝑣 𝑖𝑠 𝑠𝑝𝑒𝑒𝑑 (𝑚/𝑠) 
Figure 2.2. Top view of the Formula 1 car 
nose described in [1] page 13. 
Figure 2.3. Top view of the designed Formula 1 car 
nose. 
Figure 2.4. Front view of the Formula 1 car described in [1] 
page 12. 
Figure 2.5. Top view of the designed Formula 1 car. 
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Therefore, the gain of speed is translated as a reduction of pressure. This event is due 
to the geometry of the floor and the diffuser.  
The floor is the surface of the body closer to the road. It takes the air from the front wing 
and leads it to the diffuser.  The fluid that exits the nose of the car splits in two. A portion 
of the volume flows under the floor. The reduction of area during that transition causes 
an acceleration of the air, a decrement of the pressure and then the formation of 
downforce.   
The diffuser is the extension of the floor in the rear part of the car. Its aim is to avoid the 
formation of turbulences and to produce downforce. It takes the air from the floor and, 
due to its geometry, makes it accelerate. As it has been said, that fact produces the 
decrease of the pressure, thus the formation of downforce.  
The first picture (Figure 2.6) is a representation of the floor (red) and the diffuser (blue) 
of the model. On the other hand, the second drawing (Figure 2.7) is the bottom view of 
the car simulated. 
 
Figure 2.6. Bottom view of the Formula 1 car described in [1] page 32. 
 
Figure 2.7. Bottom view of the designed Formula 1 car. 
Since it has been established the will of simulating a simply geometry, and as it shows 
the second image (Figure 2.7), the vehicle studied does not have any diffuser. Instead, 
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the chassis converges on the rear wing with a smooth profile to replicate the effect of the 
component (seen in the Figure 2.8). 
 
Figure 2.8. Section view from the longitudinal symmetry plane of the designed Formula 1 car. 
2.1.3 Chassis 
The chassis definition from the official Formula 1 website is: It is the main part of a racing 
car to which the engine and suspension are attached. (Source: www.formula1.com) [2] 
Its main function it is not only to hold together the different parts of the car. In the case 
of an unfortunate event, the chassis absorbs the energy of the impact and keeps safe 
the driver. Besides, it also has a huge influence in the aerodynamics due to its exposure 
to the fluid. Hence, the chassis has a smooth shape in order to avoid the detachment of 
the air from it. However, it has some abrupt necessary components as well as air inlet 
channels to cool down the engine. 
The following drawings represent both the model described in [1] (Figure 2.9) and the 
design used profiles (Figure 2.10). 
 
Figure 2.9. Side view of the Formula 1 car described in [1] page 11. 
 
 
Figure 2.10. Side view of the designed Formula 1 car. 
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2.1.4 Wheels 
The wheels are tremendously important because they are the only elements that have 
direct contact with the ground. They are composed for a tire and a rim. 
Pirelli is the only supplier that provides the set of dry-weather and wet-weather tires with 
explicit rubber specifications. Teams are not allowed to vary them in any way. The 
Formula 1 tires are designed to maximize the performance between car and road. They 
have a specific nylon and polyester pattern that makes them able to withstand one tonne 
of downforce, a lateral load equivalent to 4g and an axial one equivalent to 5g. 
Unfortunately, they experience a huge deterioration during the race; hence, they last 
between 60 and 120 km. 
The rim is the metallic piece where the tire sits. They are made of highly resistant 
lightweight materials: AZ70 or AZ80 magnesium alloys. The advantages of using 
magnesium are its strength (on a par with aluminium and only slightly less than steel) 
and its low density (significantly minor than the other mentioned materials). 
The geometry specifications of the wheels are listed in [1]. Although, it has been created 
a simple design that fits in the boundary box described in the following points of the 
regulations: 
12.4 Wheel dimensions:  
12.4.1 Complete wheel width must lie between 370mm and 385mm when fitted 
to the front of the car and between 455mm and 470 mm when fitted to the rear.  
12.4.2 Complete wheel diameter must not exceed 670mm when fitted with dry-
weather tyres or 680mm when fitted with wet weather tyres. 
12.4.3 Complete wheel width and diameter will be measured horizontally at axle 
height, with the wheel held in a vertical position and when fitted with new tyres 
inflated to 1.4 bar. 
 
Thus, the designs decided to use, which combine tire and rim, are the ones showed in 
the drawings below (Figure 2.12, Figure 2.11 and Figure 2.13): 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.12. Section view of the designed front 
wheel. 
Figure 2.11. Section view of the designed rear wheel. 
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In addition, and mainly due to impossibility (in Ansys) to define a union between road 
and track as a segment, this contact has been characterised as an area. 
 
 
Figure 2.13. Bottom view of the designed rear wheel. 
As it can be seen in the Figure 16, the wheels haven’t been considered as cylinders. The 
interaction with the floor has been taken into account. The footprint left by the wheel on 
the road has been stablished with a depth of 100 mm. 
2.1.5 Rear wing 
The rear wing is the wing situated behind the chassis, almost over the rear wheels. It is 
one of the components which generates more downforce. However, it also produces 
turbulences.  
As it has been said, shaping the parts of the vehicle as an inverted wing is a good 
strategy in order to increase the downforce. Furthermore, if the profile has some 
inclination the suction effect intensifies. Unfortunately, the larger the width, the more 
perpendicular surface against the flow and the detachment of the boundary layer in the 
hind zone. That fact is translated as higher drag and less downforce. This is the reason 
why the aileron is composed by two or more components instead of a single one. If the 
aileron is divided, the air can flow through the two parts and help the boundary layer to 
reattach on the lower surface of it. Besides, the side plates that cover the wings prevent 
the air from the top (high pressure) to reach the bottom (low pressure) using the lateral 
of the wings. Thus, these two covers avoid the generation of these vortex. 
Below it can be seen the representations of the rear ailerons of the model car [1] (Figure 
2.14) and the designed one (Figure 2.15). 
       
 
  
Figure 2.14. Rear view of the Formula 1 car described in [1] 
page 32. 
Figure 2.15. Rear view of the designed Formula 1 car. 
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3 Car’s aerodynamic simulation 
For the simulation process Ansys Fulent 18.1 was used. The procedure has been divided 
in 4 parts: modelling, meshing, set up and solving. 
As previously said, a geometry of the different solid elements (wheels and body) has 
been created with the CAD program Solidworks. Afterwards, it has been used the 
Assmebly Mode of the same software in order to join the components and stipulate the 
relation between them. Then, the entire assembly has been saved in the .step extension. 
3.1 Modelling 
3.1.1 Preliminary trial 
With Ansys Fluent the geometry has been uploaded. Using the Ansys DesignModeler 
the design was opened so it could be modified. Before proceeding to mesh the solid, 
three boxes were created. 
 
Figure 3.1. Ansys Fluent 18.1 workspace view of the primary trial geometry. 
The first one, and the bigger, delimited the workspace of the simulation, hence has been 
defined as the fluid box. As it can be seen in the screenshot above (Figure 3.1), there is 
only half car showed. This fact is because of its YZ-plane symmetry. Thus, the simulation 
considers only half vehicle. Although, in order to make the car sit over the bottom face 
of the container (the road), it has been necessary to apply symmetry in the XZ-plane as 
well. The size recommendations (Source: BEST PRACTICE GUIDELINES FOR 
HANDLIG AUTOMOTIVE EXTERNAL AERODYNAMICS WITH FLUENT, version 1.2, 
Feb 9th 2005, Marco Lanfrit [3]) of the workspace are, approximately, three cars lengths 
in front of the vehicle, five in the back, three on the side and three on the top. However, 
due to the limited processing power of the computer, the box was reduced to a fraction 
of what it theoretically should be. The measurements of the big enclose were: 
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Figure 3.2. Table of the primary trial measurements of the fluid box. 
Once the big box was created, the geometry of the car was supressed. Thus, simulation 
domain was only the volume surrounding the vehicle. The second and the third boxes 
(called car-box 1 and car-box 2) were defined as solid domains used afterwards to refine 
the mesh. As it can be seen, the car-box 1 surrounds the vehicle, although the smaller 
box only envelopes the rear wheel. This fact makes sense given that this project studies 
the aerodynamic behaviour of that element. Therefore, the car-box 2 has a smaller 
element size and provides information that is more relevant. 
The dimensions of the two squares in the XZ plane are specified in the following images 
(Figure 3.3 and Figure 3.4). Both rectangles had been extruded 2,1 meters. 
 
Figure 3.3. Measurements of the medium-size box and side view of the designed Formula 1 car. 
 
Figure 3.4.Measurements of the small-size box and side view of the designed Formula 1 car. 
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After several trials, the Ansys Fluent did not allow to mesh the system using the 
parameters explained above. Thus, several values changed. 
3.1.2. Final modelling  
The procedure explained above is based on a guidelines tutorial of a static car 
simulation. However, after lots of hours and trials, the experiment could not be even set 
up the experiment. Several warning and errors occurred repeatedly. Thus: 
- Due to the limited computing power, the number of elements and nodes were 
excessive to run the solver. Therefore, domain box (fluid volume) has been 
reduced to the following parameters: 
 
Figure 3.5.Table of the final measurements of the fluid box. 
- Several problematic contact definition in the road-wheel intersection appeared. 
Ansys Meshing could not define properly the contact regions between wheel, 
road and refinement boxes. Eventually, the problem was identified: the 
refinement boxes caused the definition contact problems. Hence, they were 
suppressed. 
3.2. Meshing 
3.2.1. Preliminary trial 
The mesh has been created using the Ansys Fluent meshing tool. 
The first step has been the estimation of the minimum element length. The first idea was 
to approximate it using the following graph from the document [3]. 
 
 
Figure 3.6. Reference element length against free stream velocity chart. Source: [3] page 3.  
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The finest the element is, the more accurate the results are. Although, having a small 
element size means the necessity of a high computational power.  
As it can be seen in the chart (Figure 3.6), in order to determinate the reference length 
of the element, the free stream velocity is needed. The speed used in this study has been 
54,5790 m/s (196,4844 km/h). This value corresponds to the average of the average 
speed of the winners of the Gran Prixes of the 2017 championship (data available by the 
time it was obtained. Source: www.statsf1.com [4]). The values can be seen in the table 
below (Figure 3.7). 
G.P. 
WINNER AVERAGE SPEED 
(km/h) 
G.P. 
WINNER AVERAGE 
SPEED (km/h) 
AUSTRALIA 215,409 BELGIUM 218,183 
CHINA 187,536 ITALY 243,627 
BAHRAIN 196,979 SINGAPORE 142,780 
RUSSIA 206,680 MALAYSIA 206,889 
SPAIN 192,057 JAPAN 210,789 
MONACO 149,105 USA 197,169 
CANADA 196,767 MEXICO 189,971 
AZERBAIJAN 148,176 BRAZIL 200,733 
AUSTRIA 224,757   
BRITAIN 221,201   
HUNGARY 184,386   
Figure 3.7. Table of the winner average speed per Grand Prix of the Formula 1 Championship season 2017 (available 
data by the time it was obtained). Source: [4]. 
Hence, although the free steam velocities are not represented in the chart above (Figure 
3.6), it has been extrapolated and approximated the values. Therefore, the minimum 
element lengths found has been 7 mm. Thus, the preliminary element size used was the 
one calculated.  
Moreover, the inflation mode was set over the road and the car, as recommended [3]: 
 
Layered elements provide good alignment with the flow near wall boundaries. 
This is beneficial for reducing numerical diffusion. A basis for a high quality 
prismatic mesh in the highly affected viscous regions is a surface mesh using the 
quality criteria described in the above section. Prism Layers are extruded from 
the windtunnel floor and most of the car surfaces. 
Several surfaces and volumes, known as Named Sections, have been named during the 
mesh process. They have been used afterwards to apply specific boundary conditions. 
Those are: 
- The road. 
- The velocity-inlet face, the one in front of the car. 
- The pressure-outlet face, the one behind the car. 
- Three symmetry faces, corresponding to: the top face and both side faces. They 
were set as symmetry because we wanted them to be no shear-faces. 
- The front wheel. 
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- The rear wheel. 
- The car (excluding the wheels). 
 
3.2.2. Final meshing 
Unfortunately, given the limited simulation capacity of the computer used, and after lots 
of trials, the minimum element size has been increased so the software could run the 
experiment. In addition, the inflation method has been suppressed due to problems in 
some sharp edges of the geometry. 
The summary of the final mesh is the following (Figure 3.8): 
 
Figure 3.8. Table of the final mesh specifications. 
The overall view of the final mesh is following picture (Figure 3.9): 
 
Figure 3.9. Picture of the final mesh side view. 
3.3. Set up 
After the meshing, it has been proceeded to the set up of the analysis. 
3.3.2. General 
The analysis has been set as: 
- Pressure-based. 
- Considering no gravity. 
3.3.3. Models 
The default option is the Laminar equation approximation. Although, it is not accurate 
enough. Therefore, the one used has been the k-epsilon Realizable with Non-Equilibrium 
Wall Functions. This model has been chosen given its recommendation [3]. 
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3.3.4. Boundary conditions 
The boundary conditions define the characteristics of the fluid and the Named sections.  
They are: 
- Velocity inlet Named Section: Set as velocity-inlet. Fluid velocity of 54,5790 m/s 
and direction normal to the plane. 
- Pressure outlet Named Section: Set as pressure-outlet. 
- The three symmetry-plane Named Sections: Set as symmetries. 
- The road Named Section: Set as moving wall with translation velocity of 54,5790 
m/s. 
- Front wheel Named Section: Set as moving wall with rotation. Angular velocity of 
162,9224 rad/s, axis origin located in X: 0mm Y: 331,2476mm Z: 1200mm and 
rotation orientation in the negative x-axis. 
- Rear wheel Named Section: Set as moving wall with rotation. Angular velocity of 
162,9224 rad/s, axis origin located in X: 0mm Y: 331,2476mm Z: 4900mm and 
rotation orientation in the negative x-axis. 
3.3.5. Reference Values 
The reference values have been set as shows the screenshot (Figure 3.10): 
 
Figure 3.10. Reference values. 
The only parameter introduced in this section has been the frontal area. It has been 
calculated projecting the front view of the SolidWorks body on a plane. Given that the 
analysis only considers half car, it has been divided by two. 
3.3.6. Solution methods 
The solution method has been Coupled-Scheme, but the Spatial-Discretizations 
changed throughout the simulation. During the first iterations the Spatial Discretizations 
were set with First Order Upwind. Afterwards they were changed to Second Order 
Upwind in order to reach a more accurate solution. 
Due to convergence problems, relaxation factors were applied to all variables, and 
initialization was set as Standard. 
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3.4. Results 
The values found have been the following: 
 Font wheel Rear wheel Car (no wheels) Overall 
Downforce 
coefficient 
-0,1312 -0,1646 0,7287 0,4328 
Drag coefficient 0,1579 0,2224 0,5460 0,9263 
Aerodynamic 
efficiency 
coefficient 
-0,8311 -0,7402 1,3345 0,4673 
Figure 3.11. Table of the coefficient results of the simulation described in section 3. 
It can be noticed that both wheels have a negative aerodynamic efficiency due to the lift 
force. Although, the car and the overall geometry (car and wheels) have positive 
downforce. It can be noticed that the rear wheel has higher drag than the front one. The 
main reason is probably the nose of the car. In the pressure contour map (Figure 3.17) 
it can be seen that a portion of air that should affect the front wheel is reflowed by the 
nose of the vehicle.  
The following chart (Figure 3.12) shows the data obtained: 
 
Figure 3.12. Chart of the aerodynamic coefficients against the geometry systems (Figure 3.11 data). 
In the chart (Figure 3.12) can be seen several behaviours: 
- The overall drag coefficient is the sum of the values of each part: 
Sum of coefficients = 0,1579 + 0,2224 + 0,5460 = 0,9263 
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- The overall downforce coefficient is also the sum of each part coefficient: 
Sum of coefficients = - 0,1312 – 0,1646 + 0,7287 = 0,4328 
- However, the overall aerodynamic efficiency it is not the sum of each efficiency.  
The overall aerodynamic efficiency evidences that the car’s shape has the purpose of 
attaching itself to the road. This is logical given that a higher downforce implies that it 
can reach higher velocities. 
 
Figure 3.13. Velocity representation of the car, wheels, road and car symmetry plane. 
The picture above (Figure 3.13) shows the velocity magnitude of the wheels, car, road 
and the symmetry-plane of the car. It can be clearly seen the rotation of the wheels as 
well as the translation of the road. The car remains static; hence, it is blue-coloured. 
Since the car, the wheels and the road have predetermined velocities, it can only be 
analysed the symmetry plane.  
There are three visible points where the maximum velocities (reddish areas) are reached: 
one just under the nose (Figure 3.14) and two over the car (Figure 3.15 and Figure 3.16). 
All three spots, highlighted with numbers 1, 2 and 3 in the Figure 3.13, have a narrowing 
of the area where the fluid flows through. Considering the mass conservation equation 
(Eq. 3) it can be deducted the increase of velocity.  
𝜕𝜌
𝜕𝑡
+ 𝛻 · (𝜌 · 𝑉) = 0 
If the volume/area where the fluid flows through is reduced, the velocity increases. 
Figure 3.14. Particle-path 
representation around the nose of 
the car (first spot side view). 
Figure 3.15. Particle-path 
representation over the second 
sport (side view). 
Figure 3.16. Particle-path 
representation over the third spot 
(side view). 
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Three green-coloured areas can be noticed in the Figure 3.13: behind the car, in the pilot 
position and over the nose of the vehicle. The green domain behind the car has lower 
velocity than the rest of the system because of the detachment of the boundary layer. 
This behaviour is due to the velocity and the geometry. If the fluid flows at a certain 
velocity the curvature of the chassis makes impossible for the boundary layer to keep 
attached to the car. Hence, a low velocity area is created. Further, the other two spots 
have low velocity because they are areas where the fluid remains static after impacting 
against the car. 
 
Figure 3.17. Static pressure representation of the car, wheels, road and car symmetry plane. 
The picture above (Figure 3.17) shows the pressure due to the velocity. The equation 
that relates the velocity with the pressure is the Bernoulli Equation (Eq. 2): 
𝑃
𝜌
+
𝑣2
2
+ 𝑔 · 𝑧 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
Given that the z (height over the reference plane, in this case the road) remains constant, 
an increase of the velocity leads to low pressure and vice versa. 
This overall view shows a predominant area where the pressure is negative under the 
nose. The exact same spot where the velocity was high. However it can also be seen a 
slight blueish on the top of the wheels (revert to the Figure 3.17). The mass conservation 
equation explains the increase of the velocity, and consequently the decrease in the 
pressure. 
The higher pressure spots (red) can be recognised because belong to abrupt geometries 
in the normal flowing path of the air. This means perpendicular or almost perpendicular 
surfaces to the longitudinal axis of the car. Those are the nose, the point where the pilot 
should rest the head, the wheels and their intersection with the road. In all these areas 
the air, after colliding with them, remain almost static. Therefore, a high pressure is 
created. Of course, the wider reddish zone is located in the nose. It is the bigger surface 
exposed to the air impact. It is also the component in charge to reflow the air to avoid 
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the shock with the front wheel. In fact, it can be noticed that the high-pressure footprint 
is smaller in the front wheel than in the rear. 
 
Figure 3.18. Static pressure representation of the rear wheel and the road. 
This last image (Figure 3.18) shows the pressure distribution of the rear wheel. As it has 
been said, the front part and the intersection, conform the high pressure region. This 
behaviour occurs because the flow is blocked up there. It also can be seen that this 
colouration is not symmetric referenced to the wheel vertical symmetry plane (parallel to 
the car symmetry plane). This fact can be explained by the geometry that surrounds it. 
The front wheel as well as the chassis next to the rear tire make that the air collision 
point to be slightly displaced to the outer wheel zone.  
There are two main blue regions, on the side and top of the tire. Both are generated by 
an increase of velocity due to the change in the geometry. Hence, they are low pressure 
areas. 
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4. Design of the component 
The purpose of this study is the improvement of the rear wheels aerodynamic efficiency 
of a Formula 1 car, with the geometry specified in the previous sections. This target can 
be achieved with the modification of the wheels or with the placement of an external 
component. Given that Pirelli is the exclusive tire supplier and that their wheels have a 
standard shape, the only way to increase the aerodynamic efficiency is with the addition 
of a designed element. 
The methodology followed during this section has been: 2D design, test and selection of 
the best option. Afterwards the component has been tested in the 3D simulation. 
The component itself has been studied from two standpoints: the shape and the material.  
Given the extremely high number of variables that the system has, this project has been 
focused on the improvement of the rear wheel aerodynamic efficiency with the addition 
of a component based on an airfoil-profile. Hence, the solution found should increase 
the aerodynamic efficiency coefficient although is very probable that is not the optimal 
case. 
During the design it has been considered one restriction besides the variables. Hence, 
the final restrictions and variables considered are the ones mentioned below: 
- Boundary profile 
- Shape 
o Angle 
o Profile shape 
o Distance between the main aileron and the car floor 
o Relative position of ailerons and angle of the secondary 
- Material 
4.1 Boundary profile 
It is not permitted to modify the geometry of the car unless specific space limitations 
given by the FIA in the 3.2.1, 3.2.2, 3.5.2b and 3.5.2c sections of the document [1]: 
3.2.1 Height  
No part of the bodywork may be more than 950mm above the reference plane.  
 
3.2.2 Width  
The overall width of the car, excluding tyres, must not exceed 2000mm with the 
steered wheels in the straight ahead position.  
Bodywork width between the front and the rear wheel centre lines must not 
exceed 1600mm.  
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Figure 4.1. Top view of the Formula 1 car described in [1] page 10. 
3.5.2b 
No bodywork between the rear wheel centre line and a line 800mm forward of the 
rear wheel centre line, which is more than 375mm from the car centre line, may 
be more than 500mm above the reference plane.  
 
3.5.2c 
No bodywork between the rear wheel centre line and a line 400mm forward of the 
rear wheel centre line, which is more than 375mm from the car centre line, may 
be more than 300mm above the reference plane. 
 
 
Figure 4.2.Representation of the prohibited construction areas top view of the Formula 1 car described in [1] page 
20. 
 
Figure 4.3.Representation of the prohibited construction areas side view of the Formula 1 car described in [1] page 
20. 
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Hence, the space allowed to use in front of the rear wheels is the one that will host the 
aerodynamic element. Its dimensions (in mm) are the ones described in the picture: 
 
Figure 4.4. Boundary profile of the permitted construction area in front of the rear wheel. 
As previously said, the drawing showed above (Figure 4.4) is the profile of the boundary 
box where the component will be placed. This sketch is located in the vertical non-radial 
symmetry plane of the wheel. The depth of the box corresponds to the distance between 
the sketch and the surface of the chassis. 
4.2 Shape 
The purpose of that implementation is to increase the aerodynamic efficiency, defined 
as Downforce Coefficient / Drag Coefficient. Therefore, it follows the reduction of the 
drag and the growth of the downforce at the same time. Given that the wheel is an abrupt 
solid found in the path of the flowing air, it is affected by a high drag force. The course of 
a certain portion of the fluid that impacts the tire is altered and led to the ground-wheel 
intersection, where remains with almost no velocity. This fact produces a non-desirable 
turbulent high pressure area. 
In the case of having no geometrical restrictions, a symmetric element could make the 
air flow around both sides of the wheel; reducing the drag and increasing the downforce 
without affecting the z-momentum over it. Given that the component can only be placed 
in front of the closer to the car half of the wheel (front view), the strategy should change. 
Then, considering that is improbable to reflow the air around the external-side face of 
the tire, there are three logical design guidelines to follow in order to achieve the purpose: 
try to lead the air above the tire, around the inner-side-face or both at the same time. In 
this project, the design of the element has been following the third target. 
An important aspect to consider when designing the component is that only a portion of 
it (subsystem 1) is located in front of the wheel. The other part (subsystem 2) is placed 
in front of the gap between wheel and chassis. 
 
Figure 4.5. Top view of the designed component itemized in subsystems. 
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Regarding these fact, the design has to lead the air above and around the tire thanks to 
the subsystem 1 while the subsystem 2 has to minimize the alteration of the flow. 
Consequently, the profile of the component may be like an inverted aileron in the 
subsystem 1 and similar to a flat ellipse during the majority of the subsystem 2. As it can 
be seen in the Figure 4.6, the slender the ellipse is, the minor the drag coefficient. Hence, 
the desirable shape of the component profile in the subsystem 2 should be an ellipse.  
 
 
 
 
 
Besides, the component should lead, as well, the air around the wheel. This fact 
suggests that the subsystem 1 has to be closer to the nose of the car than the subsystem 
2. Hence, the top view of the component (Figure 4.7) should be like similar to the red 
curve showed below: 
 
Figure 4.7. Top view of the designed component. 
One last thing to consider, explained in the geometry description, is the necessity of a 
boundary wall in order to avoid the formation of vortex.  
So, considering all the requirements and characteristics mentioned above, it has been 
proceed to design the aileron. Thus, the first step has been the description of the system 
that has been optimized. 
As explained before, the design of the piece has been itemized in two parts: The 
subsystem 1, where the component, wheel and car floor have constant profile; and the 
subsystem 2, that has the purpose of joining the subsystem 1 with the chassis. 
Given the high complexity of a 3D optimization, the optimization operation has been 
focused exclusively on the subsystem 1, where the car floor and the wheel have constant 
profile (Figure 4.9). 
Two items form the 2D geometry that has been optimized (Figure 4.8): The wheel and 
the car floor. Given the space restrictions, the component must be placed over the car 
floor, in front of the wheel. That makes the car floor to take part of the simulation, as it 
can be seen in the Figure 44. Its length of 758mm has been stablished as a parameter. 
Figure 4.6. Drag coefficient of the different 2D shapes showed. Source: ©2002 Wadsworth group / Thomson learning. 
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4.2.1 Angle 
The first step during the design procedure has been the choice of the appropriate angle. 
Given that the goal is to drive the air above the tire (to reduce the drag), the inclination 
angle of the component should theoretically be 45º. Although, the airfoil angle that 
maximizes the lift (downforce in this case) against the drag is between 5º and 10º. Thus, 
it has been simulated one profile (NACA6412) with different inclinations in order to find 
out the interval of angles at which the component should work better. Then, it has been 
selected a profile from an airfoil database (Source: http://m-
selig.ae.illinois.edu/ads/coord_database.html [5]). Afterwards they have been mirrored, 
scaled and inclined to make them fit in the boundary box described. Later, the different 
proposals have been simulated. 
The choice of the best profile has been only based on the simulations. The criteria used 
to preselect the profiles has been: profiles with both convex (or concave, depending on  
In order to simplify the amount of variables, the space considered to host the profile has 
been 500 x 400 mm2 instead of the parallelogram showed before (Figure 4.4). 
The profile used to evaluate the angle is the following: 
 
 
 
 
 
 
 
 
Figure 4.9. 3D view of the wheel, a 
portion of the car floor and the 
designed component. Highlighted in 
red the area where the optimization 
process occurred. 
Figure 4.8. 2D geometry system later optimized. 
Figure 4.10. NACA6412 airfoils oriented at 45º inside the final boundary 
box. 
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It is based on a NACA 6412 airfoil, both main aileron and secondary. The 2D system 
simulated has been the following: 
 
Figure 4.11. 2D system with aileron based on a NACA6412 profile oriented at 45º. 
As it can be seen (Figure 4.11), the elements included in the simulation are the 
component, the cars’ floor and the wheel. The slope of the aileron varies in the different 
studied cases. The angles studied have been: 20º, 25º, 30º, 35º, 40º, 45º, 50º and 55º.  
In all cases the mesh looks very similar due to the slightly change of the geometry and 
because of the usage of the same mesh parameters (Figure 4.15). The boundary fluid 
box size can be seen below (Figure 4.13). 
 
 
 
 
 
 
 
The final mesh appearance is: 
 
 
 
 
 
 
 
Figure 4.12. Table 
with the 2D enclosure 
dimensions. 
Figure 4.13. Geometry view of the simulated system. 
Figure 4.14. Mesh appearance of the simulated system. 
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The mesh parameters used have been: 
 
 
 
 
 
 
 
 
 
 
 
Other set up parameters: 
- Inflation of 10 layers applied to all edges. 
- Air velocity of 54,5790 m/s. 
- Rotating wheel at 162,9224 rad/s. 
- Moving road at 54,5790 m/s. 
Of course, the drag and downforce coefficients obtained are referred to the entire 
system. Hence, they have been compared to the 2D simulation of the system described 
without the component. 
4.2.1.1 Simulation of the system without component 
Drag coefficient 2,2603 
Downforce coefficient -3,2042 
Aerodynamic efficiency coefficient -1,4176 
Figure 4.16. Table of the simulation results of the 2D system without component. 
 
Figure 4.17. Velocity representation of the 2D system without component. 
Figure 4.15. Mesh specifications of the simulation. 
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In the picture (Figure 4.17) can be seen different relevant areas: 
 Due to the high speed of the flowing air the car floor makes the boundary layer 
to separate and creates a low speed zone. Mention that this 2D case is a 
simplification of the 3D geometry. In fact the car floor is larger, hence the air 
behaviour is not exactly the one showed above. 
 
Figure 4.18. Velocity representation around the car floor and half rear wheel. 
 Just behind the area just commented there is the wheel. Between the car floor 
and the wheel can be found an area of higher speed due to the rotation of the 
tire. Although, below that green coloured section a low velocity zone (almost zero 
m/s) appears. This behaviour is because of the geometry. The air has no exit-
path and remains almost static after impacting against the wheel-road 
intersection. 
 On the top of the tire can be seen the maximum speed of the flowing air. This is 
due to the convex profile of that part of the wheel. This increase can be explained 
with the flow volume conservation. Given that the flow volume is velocity*area, 
and the area  decreases as show the Figure 4.19, the air is forced to accelerate. 
Therefore, this increase of speed and consequent decrease of pressure 
(explained with the Bernoulli Equation), pulls the wheel up. Thus, lift force is 
created.  
 This area is the most critical in the system. The goal of the aileron/component 
has been the reduction of this fluid acceleration in that specific spot. 
 
Figure 4.19. Velocity representation over the rear wheel. 
 Just after that high speed behaviour, and due to the geometry and speed, the 
separation of the boundary layer occurs. Thus, a high pressure area is created. 
The air flows in random paths, creating the vortex.  
 
Figure 4.20. Velocity representation behind the rear wheel. 
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 All over the road and around the wheel can be seen a slim blue line that explains 
the relative movement of translation and rotation at 54,5790 m/s. 
4.2.1.2 Simulation of the system with component 
20º 
Drag coefficient 2,0577 
Downforce coefficient -2,5513 
Aerodynamic efficiency coefficient -1,2399 
Figure 4.21. Table of the simulation results of the 2D system with NACA6412 aileron at 20º. 
 
Figure 4.22. Velocity representation of the 2D system with NACA6412 aileron at 20º. 
25º 
Drag coefficient 2,2597 
Downforce coefficient -2,4271 
Aerodynamic efficiency coefficient -1,0740 
Figure 4.23. Table of the simulation results of the 2D system with NACA6412 aileron at 25º. 
 
Figure 4.24. Velocity representation of the 2D system with NACA6412 aileron at 25º. 
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30º 
Drag coefficient 2,3350 
Downforce coefficient -2,3982 
Aerodynamic efficiency coefficient -1,0271 
Figure 4.25. Table of the simulation results of the 2D system with NACA6412 aileron at 30º. 
 
Figure 4.26. Velocity representation of the 2D system with NACA6412 aileron at 30º. 
 
35º 
Drag coefficient 2,4494 
Downforce coefficient -2,1384 
Aerodynamic efficiency coefficient -0,8730 
Figure 4.27. Table of the simulation results of the 2D system with NACA6412 aileron at 35º. 
 
Figure 4.28. Velocity representation of the 2D system with NACA6412 aileron at 30º. 
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40º 
Drag coefficient 2,4721 
Downforce coefficient -1,2261 
Aerodynamic efficiency coefficient -0,4960 
Figure 4.29. Table of the simulation results of the 2D system with NACA6412 aileron at 40º. 
 
Figure 4.30. Velocity representation of the 2D system with NACA6412 aileron at 40º. 
 
45º  
Drag coefficient 2,6801 
Downforce coefficient 0,3842 
Aerodynamic efficiency coefficient 0,1433 
Figure 4.31. Table of the simulation results of the 2D system with NACA6412 aileron at 45º. 
 
Figure 4.32. Velocity representation of the 2D system with NACA6412 aileron at 45º. 
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50º 
Drag coefficient 2,3657 
Downforce coefficient -0,1697 
Aerodynamic efficiency coefficient -0,0718 
Figure 4.33. Table of the simulation results of the 2D system with NACA6412 aileron at 50º. 
 
Figure 4.34. Velocity representation of the 2D system with NACA6412 aileron at 50º. 
 
55º 
Drag coefficient 2,3646 
Downforce coefficient -0,4319 
Aerodynamic efficiency coefficient -0,1826 
Figure 4.35. Table of the simulation results of the 2D system with NACA6412 aileron at 55º. 
 
Figure 4.36. Velocity representation of the 2D system with NACA6412 aileron at 55º. 
During the transition from 20º to 55º it can be clearly seen that reduction of the 
acceleration area above the wheel.  
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The aerodynamic efficiency coefficient shows that the best inclinations probably are 45º 
or 50º or 55º (Figure 4.32, Figure 4.34 and Figure 4.36). This fact is due to the geometry. 
More slope implies that the aileron leads the air closer to the top of the wheel. This 
reduces the acceleration area and increases the downforce. Numerical values have been 
compared in order to choose the best option. 
It can be also seen that the increase of angle produces the alteration of the triangular-
low-speed-area above the car floor. Although, in the geometries with angles 20º, 25º and 
30º (Figure 4.22, Figure 4.24 and Figure 4.26) the inclinations is not enough to produce 
relevant changes over the overall aerodynamic efficiency. This happens because the 
separation of the boundary layer creates a low velocity area higher than the aileron 
height. 
4.2.1.3 Comparison: 
Angle 
Wheel 
alone 
20º 25º 30º 35º 40º 45º 50º 55º 
Drag 
coefficient 
2,2603 2,0577 2,2597 2,3350 2,4494 2,4721 2,6801 2,3657 2,3647 
Downforce 
coefficient 
-3,2042 -2,5513 -2,4271 -2,3982 -2,1384 -1,2261 0,3842 -0,1697 -0,4319 
Aerodynamic 
efficiency 
coefficient 
-1,4176 -1,2340 -1,0740 -1,0271 -0,8730 -0,4960 0,1433 -0,0718 -0,1826 
Figure 4.37. Table of the aerodynamic coefficients depending on the inclination of a NACA6412-based aileron. 
The table (Figure 4.37) is the summary of the values found. The green-coloured values 
are those better than the ones that have the wheel alone. This means: lower drag 
coefficient, higher downforce coefficient and higher aerodynamic efficiency coefficient. 
 
Figure 4.38. Aerodynamic efficiency coefficient chart function of the aileron angle. 
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The chart (Figure 4.38) shows the tendency of the aerodynamic efficiency function of the 
different angles. Considering only the values calculated, the 45º is the best option. 
Although, the optimal angle is probably not exactly 45º, but a value between 45º and 50º. 
The polynomic line that approximates this behaviour shows this fact. Hence, given that 
45º is close to the optimal value, it has been considered as the design angle.  
As it can be seen the aerodynamic efficiency coefficient increases from -1,4176 (no 
component) to 0,1433 (with component). Below can be seen the balance table. 
Aileron Wheel alone Aileron at 45º BALANCE 
Drag coefficient 2,2603 2,6801 Win of 0,4198 1,1857 times worse 
Downforce coefficient -3,2042 0,3842 Win of 3,5884 
Aerodynamic 
efficiency coefficient 
-1,4176 0,1433 Win of 1,5609 
Figure 4.39. Aerodynamic coefficients comparison between wheel alone and NACA6412 at 45º. 
4.2.2 Profile 
In order to select the appropriate profile, it has been selected several aileron shapes and 
adapted them to the requirements. The coordinates of the points that describe each 
airfoils has been extracted from an airfoil database [5]. Once a profile was chosen, the 
listed coordinates have been downloaded from the website inside a .txt file. Thanks to a 
SolidWorks feature, the values in the .txt file have been represented in a plane from the 
3D workspace. Afterwards, the points have been connected and the surface has been 
generated. Using the copy, scale, mirror and rotate features the profile has been ready 
to be evaluated. 
The five considered as potential good profiles were:  
  
 
  
  
Figure 4.40. NACA6409 airfoil. Source: [5]. Figure 4.41. A18 airfoil. Source: [5]. 
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The preselection required specification that led to these profiles has been the curved 
convex (or concave, depending on the nomenclature) top and bottom lines. This fact 
generates downforce when mirrored and oriented at 45º. 
In order to minimize other variables and only evaluate the profile, it has been set several 
geometrical parameters that later have been evaluated: 
- Vertical distance between car floor and main aileron: 5 mm. 
- Width of the main aileron: 400 mm. 
- Main aileron height: 395 mm. 
- Scale ratio of the secondary aileron compared to the main one: 0,3. 
- Both ailerons inclination: 45º. 
- Vertical distance between ailerons tails 80 mm. 
The modelling, meshing and set up followed has been the same as in the previous 
section. 
4.2.2.1 NACA6412 
Drag coefficient 2,4169 
Downforce coefficient 0,2202 
Aerodynamic efficiency coefficient 0,0911 
Figure 4.45. Table of the simulation results of the 2D system with NACA6412. 
Figure 79.  Figure 4.42. NACA6412 airfoil. Source: [5]. Figure 4.44. AG24 airfoil. Source: [5]. 
Figure 4.43 AG12 airfoil. Source: [5]. 
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Figure 4.46. Velocity representation of the 2D system with NACA6412. 
The values obtained are slightly different from the same angle and profile in the previous 
section. This fact is due the differences: distances between car floor and main aileron, 
main aileron and secondary aileron and the size of the secondary aileron. These 
variables have been later evaluated. 
4.2.2.2 NACA6409 
Drag coefficient 2,3024 
Downforce coefficient 0,2741 
Aerodynamic efficiency coefficient 0,1190 
Figure 4.47. Table of the simulation results of the 2D system with NACA6409. 
 
Figure 4.48. Velocity representation of the 2D system with NACA6409. 
4.2.2.3 AG24 
Drag coefficient 2,2267 
Downforce coefficient -0,2791 
Aerodynamic efficiency coefficient -0,1253 
Figure 4.49. Table of the simulation results of the 2D system with AG24. 
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Figure 4.50. Velocity representation of the 2D system with AG24. 
4.2.2.4 AG12 
Drag coefficient 2,1965 
Downforce coefficient -0,5103 
Aerodynamic efficiency coefficient -0,2323 
Figure 4.51. Table of the simulation results of the 2D system with AG12. 
 
Figure 4.52. Velocity representation of the 2D system with AG12. 
4.2.2.5 AG18 
Drag coefficient 2,3273 
Downforce coefficient 0,1239 
Aerodynamic efficiency coefficient 0,0532 
Figure 4.53. Table of the simulation results of the 2D system with AG18. 
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Figure 4.54. Velocity representation of the 2D system with AG18. 
As it can be seen, all the five profiles have a similar overall fluid behaviour, although, the 
main difference can be noticed in the range of velocities. The best profile, as shows the 
table below (Figure 4.56), is the one that has a higher maximum velocity (always located 
in the gap between the car floor and the main aileron). If the geometry produces a high 
velocity, this means that a low pressure zone is created. Hence, the air pulls the aileron 
down. In other words, downforce is created. 
4.2.2.6 Comparison: 
Aileron 
Wheel 
alone 
NACA6412 NACA6409 AG24 AG12 AG18 
Aerodynamic 
efficiency 
coefficient 
-1,4176 0,0911 0,1190 -0,1253 -0,2323 0,0532 
Figure 4.55. Table of the aerodynamic coefficients depending on the aileron profile. 
 
Figure 4.56. Aerodynamic efficiency coefficient chart function of the aileron profile. 
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Thus, under the exact same fluid and geometrical circumstances, only three out of four 
ailerons cause a positive aerodynamic efficiency on the system composed by the wheel 
and the aileron. Even though two of them have similar coefficient, the selected one has 
been the NACA6409. The following table (Figure 4.57) shows the improvement 
summary: 
Aileron Wheel alone NACA6409 at 45º BALANCE 
Drag coefficient 2,2603 2,3024 Win of 0,0421 1,0186 times worse 
Downforce 
coefficient 
-3,2042 0,2741 Win of 3,4783 
Aerodynamic 
efficiency coefficient 
-1,4176 0,1190 Win of 1,5366 
Figure 4.57 . Aerodynamic coefficients comparison between wheel alone and NACA6409 at 45º. 
4.2.3 Distance between the main aileron and the car floor 
The variable evaluated in this section has been the vertical distance between the car 
floor and the component. The range of values simulated went from 5 mm to 30 mm. The 
0 mm case made no sense due to the necessity to lead the air under the components to 
cause downforce. Both main aileron and secondary kept the 45º angle and the distance 
between them. 
4.2.3.1 5 mm 
This exact simulation has just 
been analysed in the previous 
part. 
Drag coefficient: 2,3024. 
Downforce coefficient: 0,2741. 
Aerodynamic efficiency 
coefficient: 0,1190. 
 
 
4.2.3.2 10 mm 
Drag coefficient: 2,3728. 
Downforce coefficient: 
0,5526. 
Aerodynamic efficiency 
coefficient:  0,2329. 
  
 
 
Figure 4.58. Velocity representation around the aileron 
situated 5 mm over the car floor. 
Figure 4.59. Velocity representation around the aileron 
situated 10 mm over the car floor.  
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4.2.3.3 15 mm 
Drag coefficient: 2,3993. 
Downforce coefficient: 
0,6019. 
Aerodynamic efficiency 
coefficient: 0,2508. 
 
 
 
 
 
4.2.3.4 20 mm 
Drag coefficient: 2,4025. 
Downforce coefficient: 
0,5136. 
Aerodynamic efficiency 
coefficient: 0,2138. 
 
 
 
 
 
4.2.3.5 25 mm 
Drag coefficient: 2,5890. 
Downforce coefficient: 
0,5049. 
Aerodynamic efficiency 
coefficient: 0,1950. 
 
 
 
 
Figure 4.60. Velocity representation around the aileron 
situated 15 mm over the car floor. 
Figure 4.61. Velocity representation around the aileron 
situated 20 mm over the car floor. 
Figure 4.62. Velocity representation around the aileron 
situated 25 mm over the car floor. 
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The pictures of the simulations (Figure 4.58 to Figure 4.62) only show the aileron zone. 
That specific area is where the differences between geometries can be noticed. The 
pictures represent the velocity in magnitude of the fluid zone. It can be seen that the 
increase of length between main aileron and car floor is directly related to the increase 
of velocity in that zone. The bigger the gap is, the higher the speed is. Thus, the low 
velocity zone located in the rear part of the main aileron is smaller. This behaviour affects 
the aerodynamic efficiency. 
In the 20 mm and 25 mm cases, the speed just above the car floor is high enough to 
make the boundary layer separate before the part ends. This fact causes a depression 
zone, or low velocity area. Weather the width of the gap is, in all the cases can be seen 
that the higher velocity is always located in a point closer to the head of the main aileron. 
Due to the geometry, the air has to flow a large distance in short time. Above this spot, 
it can also be seen a point where the velocity is almost zero, even if the fluid flows 
towards the aileron. This critical point is where the fluid impacts directly without reflowing 
up or down afterwards. Thus is a high pressure point. Besides the differences in the 
bottom part of the overall geometry, the upper part of the pictures present the same flow 
behaviour. 
In this series of simulations the better geometry is not the one that has the maximum 
velocity. This probably because of the short length zone of high speed that the 5mm gap 
allows. Thus, almost as a high velocity combined with large area of low pressure 
produces better aerodynamic efficiency. 
4.2.3.6 Comparison: 
Distance 
between main 
aileron and 
car floor 
5mm 10mm 15mm 20mm 25mm 
Aerodynamic 
efficiency 
coefficient 
0,1190 0,2329 0,2509 0,2138 0,1950 
Figure 4.63. Table of the aerodynamic coefficients depending on the distance between main aileron and car floor. 
In the following chart (Figure 4.64) it has been represented the aerodynamic efficiency 
coefficient depending on the width of the gap between main aileron and car floor 
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Figure 4.64. Aerodynamic efficiency coefficient chart function of distance between main aileron and car floor. 
It can be seen that the optimal value for the variable might be between 10 mm and 15 
mm. Although, given that it is close to 15 mm, this distance has been used in the final 
design. Hence, the improvement in relation to the previous choice is: 
Aileron Dist. of 5mm Dist. of 15mm BALANCE 
Aerodynamic 
efficiency coefficient 
0,1190 0,2509 Win of 0,1319 2,1084 times better 
Figure 4.65. Aerodynamic efficiency coefficient comparison between 5 mm and 15 mm distance between main 
aileron and car floor. 
The aileron referred in the table above (Figure 4.65) is the NACA6409 positioned at 45º. 
In the pathline-graphs of the previous variables (Figure 4.58 to Figure 4.62) can be seen 
that the secondary aileron may not significantly help the aerodynamics of the overall 
component.  
Therefore, before proceeding with the next variables, it has been decided to shorten the 
tail of the large aileron and evaluate its influence. Thus, the main aileron has been scaled 
with a ratio of 0,85 (keeping the position of the head) as shows the picture below (Figure 
4.66). The blue profile is the old one and the yellow the reduced.  
 
Figure 4.66. Modification of the size of the main aileron. 
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Below can be seen the comparison table of the simulation. 
 Regular Shortened 
Drag coefficient 2,3993 2,3903 
Downforce coefficient 0,6019 0,5041 
Aerodynamic efficiency 
coefficient 
0,2509 0,2109 
Figure 4.67. Aerodynamic coefficients comparison between the geometry found until now and the shortened aileron 
configuration. 
Unexpectedly, the large aileron has better performance. Thus, the size of the main 
aileron has been kept as it was. 
 
4.2.4 Relative position of ailerons and angle of the secondary 
Besides shortening the main aileron, it exists the option of moving and rotating the 
secondary aileron in order to increase its efficiency.  
Thus, in this section it has been evaluated the aerodynamic efficiency coefficient of the 
secondary aileron compared to the one obtained with the best design configuration 
obtained until now.  
The distance between ailerons and the angle of the secondary have been considered in 
one same analysis due to the probable interaction between them, weather the previous 
variables have been considered independent between each other. 
Geometrical parameters used until now: 
- Main aileron angle: 45º. 
- Secondary aileron angle: 45º. 
- Distance of the tails: 80 mm. 
- Scale of the secondary aileron compared to the bigger: 0,3. 
The four evaluated spots are showed in the picture below (Figure 4.68). They correspond 
to the location of the secondary ailerons tail. 
 
Figure 4.68. Geometry representation of the evaluated points. 
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The four positions (the vertical ones are distanced 20 mm and the horizontal 10mm) 
have different angles of evaluation. The angles evaluated in the first location have been 
55º, 50º and 45º. The angles evaluated in the second and third spot have been 50º and 
45º, and in the last position only the 45º inclination. 
4.2.4.1 RESULTS: 
1st spot 55º Downforce coefficient Drag coefficient 
Aerodynamic 
efficiency coefficient 
Wheel -2,5715 -0,8200 -3,1360 
Main aileron 2,8437 2,4002 1,1848 
Secondary 
aileron 
0,8256 1,0256 0,8051 
Figure 4.69. Table of the simulation results of the first spot with secondary aileron at 55º. 
1st spot 50º Downforce coefficient Drag coefficient 
Aerodynamic 
efficiency coefficient 
Wheel -2,5491 -0,6327 -4,0287 
Main aileron 2,7714 2,3729 1,1679 
Secondary 
aileron 
0,6338 0,7197 0,8807 
Figure 4.70. Table of the simulation results of the first spot with secondary aileron at 50º. 
The following table represents the simulation results of the best geometry found until 
now. Hence, it has been the one compared to: 
1st spot 45º Downforce coefficient Drag coefficient 
Aerodynamic 
efficiency coefficient 
Wheel -2,5026 -0,3869 -6,4678 
Main aileron 2,6455 2,2837 1,1584 
Secondary 
aileron 
0,4912 0,5156 0,9527 
Figure 4.71. Table of the simulation results of the first spot with secondary aileron at 45º. 
2nd spot 50º Downforce coefficient Drag coefficient 
Aerodynamic 
efficiency coefficient 
Wheel -2,4898 -0,3504 -7,1050 
Main aileron 2,3689 1,9731 1,2006 
Secondary 
aileron 
0,6678 0,7855 0,8500 
Figure 4.72. Table of the simulation results of the second spot with secondary aileron at 50º. 
2nd spot 45º Downforce coefficient Drag coefficient 
Aerodynamic 
efficiency coefficient 
Wheel -2,4886 -0,1912 -13,0160 
Main aileron 2,4169 2,0591 1,1738 
Secondary 
aileron 
0,4263 0,4773 0,8932 
Figure 4.73 . Table of the simulation results of the second spot with secondary aileron at 45º. 
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3rd spot 50º Downforce coefficient Drag coefficient 
Aerodynamic 
efficiency coefficient 
Wheel -2,4985 -0,3153 -7,9232 
Main aileron 2,3059 1,9245 1,1981 
Secondary 
aileron 
0,6547 0,7450 0,8788 
Figure 4.74. Table of the simulation results of the third spot with secondary aileron at 50º. 
3rd spot 45º Downforce coefficient Drag coefficient 
Aerodynamic 
efficiency coefficient 
Wheel -2,4524 -0,0997 -24,5915 
Main aileron 2,3051 1,9588 1,1768 
Secondary 
aileron 
0,4571 0,4875 0,9377 
Figure 4.75. Table of the simulation results of the third spot with secondary aileron at 45º. 
 
4th spot 45º Downforce coefficient Drag coefficient 
Aerodynamic efficiency 
coefficient 
Wheel -2,3731 0,1913 -12,4049 
Main aileron 2,0550 1,7104 1,2015 
Secondary 
aileron 
0,4438 0,5279 0,8408 
Figure 4.76. Table of the simulation results of the fourth spot with secondary aileron at 45º. 
All the values obtained in the previous tables have been represented in the charts (Figure 
4.77 and Figure 4.78) below: 
 
Figure 4.77. Aerodynamic efficiency coefficient chart of the ailerons depending on the position and angle of the 
secondary aileron. 
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Figure 4.78. Aerodynamic efficiency coefficient chart of the wheel depending on the location and angle of the 
secondary aileron. 
For the calculation of the aerodynamic efficiency, it has been considered the drag 
coefficient as always positive (although negative values have been obtained). This fact 
is due to the formation of a depression in front of the wheel because of the placement of 
the ailerons. Those “grab” the drag and, due to its shape, accelerate the air through the 
face closer to the wheel. The acceleration creates the low pressures zone that is the 
reason why the negative coefficient drag occurs.  
Therefore, the formula used to calculate the aerodynamic efficiency is coherent given 
that the purpose of the ailerons is to create downforce: weather the drag force is pointing 
one way or the other. 
As it can be seen in the Figure 4.77, the increase of aerodynamic efficiency in one aileron 
is almost compensated by the decrease of the coefficient on the other aileron. The 
average of both coefficients moves between 1 and 1,05 approximately. This fact makes 
difficult to distinguish the best option over the different combinations. Although, 
considering the aerodynamic efficiency of the wheel (Figure 4.78), it has been done the 
comparison of the best two options found: 
- 1st spot with an angle of 55º. 
- 1st spot with an angle of 50º. 
Now, it has been checked if the overall efficiency (given by the two ailerons and the 
wheel) is better than the one found in the previous section, of 0,2509. 
4.2.4.2 Results: 
 1st spot with an angle of 55º 1st spot with an angle of 50º 
Drag coefficient 2,6057 2,4598 
Downforce coefficient 1,0978 0,8561 
Aerodynamic efficiency 
coefficient 
0,4213 0,3481 
Figure 4.79. Aerodynamic efficiency coefficient comparison between the best two configurations found until now. 
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This results (Figure 4.79) show that the component that maximizes the aerodynamic 
efficiency of the system aileron + wheel is the one that makes the wheel to have the best 
efficiency. This means that the wheel is the most relevant part of the system in the 
aerodynamics frame.  
The balance of the improvement in comparison to the previous geometry: 
Aileron 
1st spot with an 
angle of 45º 
(previous geometry) 
1st spot with an 
angle of 55º 
BALANCE 
Drag 
coefficient 
2,3993 2,6057 Win of 0,2064 1,0860 times worse 
Downforce 
coefficient 
0,6019 1,0978 Win of 0,4959 1,8239 times better 
Aerodynami
c efficiency 
coefficient 
0,2509 0,4213 Win of 0,1704 1,6792 times better 
Figure 4.80. Aerodynamic coefficients comparison between the current configuration and the one found in the 
previous section. 
 
Then, the final 2D geometry has been: 
 
Figure 4.81. Final 2D optimized geometry. 
4.3 Material 
In the Formula 1 world every detail counts. This means that all the shapes and weights 
have been calculated in order to maximize the car behaviour on the road. Hence, the 
price of the material is not extremely relevant, but the weight is highly important.  
The summary of specifications that the material must follow are: 
- Permitted by the FIA regulations manual. 
- Low weight. 
The low weight can be achieved by: 
- Using a resistant low density material. The component could be completely filled. 
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(Eq. 13) 
- Creating a reticular structure inside the ailerons. The structure must be strong 
enough to ensure the proper functioning of the component.  
What’s more, the complexity of the shape of the component designed reduces the 
manufacturing technologies capable of producing such an element. 
In order to approximate the limit case of the forces that might act over the component, it 
has been done a simulation with an air velocity of 362,4 km/h. This has been the top 
speed reached during the 2017 championship by Sebastian Vettel in Mexico (data 
extracted from [2]). The geometry tested has been: road, car floor, wheel and aileron. 
4.3.1 Results 
In the following table can be seen the forces over the aileron. Hence, these values are 
referred to the overall component geometry. 
Downforce 700,2 N 
Drag force 8618 N 
Figure 4.82. Table of the forces obtained in the simulation. 
Then, the equivalent force that acts over the component is: 
Equivalent force = √700,22 + 861,82 = 1110,4 N 
This means that the aileron has to, theoretically, hold an equivalent to 113,19 kg force. 
Although, the specific maximum static pressure is around the value of 9020 Pa and 
located as shows the screenshot (Figure 4.83): 
 
Figure 4.83. Static pressure representation of the aileron. 
Thus, the material must properly resist such a pressure. 
The procedure followed in order to choose the material has been the selection of the 
most appropriate one from the permitted by the FIA. The component has been 
considered as filled entirely to simplify calculus. The list of materials can be found in the 
document [1] section 15.1: 
15.1 Permitted materials : 
15.1.1 The following is the list of permitted materials. These are the only materials 
permitted to be used in the construction of the Formula One Car provided only 
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that in all cases the material is available on a non-exclusive basis and under 
normal commercial terms to all competitors. 
Permitted materials : 
1) Aluminium alloys. 
2) Silicon carbide particulate reinforced aluminium alloy matrix 
composites. 
3) Steel alloys. 
4) Cobalt alloys. 
5) Copper alloys containing ≤ 2.5% by weight of Beryllium. 
6) Titanium alloys (but not for use in fasteners with <15mm diameter male 
thread). 
7) Magnesium alloys. 
8) Nickel based alloys containing 50% < Ni < 69%. 
9) Tungsten alloy. 
10) Thermoplastics : monolithic, particulate filled, short fibre reinforced. 
11) Thermosets : monolithic, particulate filled, short fibre reinforced. 
12) Carbon fibres manufactured from polyacrylonitrile (PAN) precursor. (*) 
13) Carbon fibres manufactured from polyacrylonitrile (PAN) precursor 
which have: 
- A tensile modulus ≤ 550GPa. 
- A density ≤ 1.92 g/cm3. 
- Unidirectional or planar reinforcement within their pre-
impregnated form, not including three dimensional weaves or 
stitched fabrics (but three dimensional preforms and fibre 
reinforcement using Z-pinning technology are permitted). 
- No carbon nanotubes incorporated within the fibre or its matrix. 
- A permitted matrix, not including a carbon matrix. 
14) Aramid fibres. 
15) Poly(p-phenylene benzobisoxazole) fibres (e.g. “Zylon”). 
16) Polyethylene fibres. 
17) Polypropylene fibres. 
18) E and S Glass fibres. 
19) Sandwich panel cores: Aluminium, Nomex, polymer foams, syntactic 
foams, balsa wood, carbon foam. 
20) The matrix system utilised in all pre-impregnated materials must be 
epoxy, cyanate ester, phenolic, bismaleimide, polyurethane, polyester or 
polyimide based. (*) 
21) The matrix system utilised in all pre-impregnated materials must be 
epoxy, cyanate ester or bismaleimide based. 
 
Given the lack of the mechanical proprieties of the specific materials used in the Formula 
1 cars, it has been considered the carbon fibre as a proper material. It is light-weighted 
and resistant enough to properly work under the parameters obtained in the last 
simulation. The maximum permitted tensile modulus of 550GPa and density of 1,92 
g/cm3. 
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5. Final design of the component 
Using the SolidWorks, the final component has been created. The design guidelines 
used to produce the element were: 
- Constant width of the profile designed in front of the space where the wheel has 
to be placed (subsystem 1).  
- Wall placed in the external face to avoid reflow of the air around the profile 
(subsystem 1). 
- Smooth transition from the profile to two ellipses (subsystem 2). As explained 
previously, the ellipse is the geometrical 2D shape with minor drag coefficient. 
This fact minimizes the alteration of the flow between the aileron and the car. 
Hence, the component has been fixed to the chassis using these shapes. 
On one hand, the constant profile volume and the wall compose the subsystem 1. The 
first part is only the extrusion of the aileron designed. It has as depth of 23 cm. Besides, 
the wall has been sketched following the measurements in the Figure 5.1. Its depth has 
been set as 10 mm. 
 
 
 
 
 
 
The picture on the right (Figure 5.2) shows the intersection between the wall and the 
designed profile. The fact that the profile is not tangent to the bottom face of the wall has 
been considered when placing the component over the car. Therefore, the 15 mm 
calculated as proper height between aileron and car floor has been correctly applied and 
counted from the aileron’s lowest point and not from the wall bottom surface. 
On the other hand, the subsystem 2 has been created by merging surfaces that connect 
four profiles. Afterwards a solid has been created filling the connected surfaces. 
As it can be seen in the picture below (Figure 5.3), there are four planes that determine 
the profile transition of the component. Those profiles can be seen in the Figure 5.4 to 
Figure 5.7. It can be noticed a smooth transition from the designed profile (Figure 5.4) to 
the final ellipses. 
 
 
 
 
Figure 5.1. Sketch of the wall’s 
component. 
Figure 5.2 . Intersection of 
the wall and the aileron. 
Figure 5.3. Isometric view of the component with the section planes numbered. 
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The profile showed in the Figure 5.4 is the silhouette of the element at the end of the 
constant depth zone. It corresponds to the designed profile during this project. The 
second picture (Figure 5.5) shows the shape of the component belonging to the plane 1. 
This first transition is a reduced version of the previous silhouette oriented at 45º from it. 
The profile seen in the Figure 5.6 belongs to the plane 2. This plane is parallel to the first 
one, and its profile is composed by two ellipses at a certain angle from the horizontal. 
Finally, the third and fourth place have the exact same shape, showed in the picture on 
the right (Figure 5.7). This profile has been the one in charge to fix the component to the 
chassis. Its dimensions can be seen in the table below (Figure 5.8). 
 
 
 
 
The final ellipses measurements are the following: 
Bigger ellipse 
Width 80 mm 
Height 10 mm 
Smaller ellipse 
Width 40 mm 
Height 5 mm 
Vertical distance between ellipses 25 mm 
Figure 5.8. Measurements of the ellipses that fix the component to the car. 
Due to the complex shape of the component, when importing to Ansys modelling only its 
surfaces were created and some of them did not even appear. Hence, it finally has been 
imported in x_t extension without errors. 
The overall final view of the component can be seen below: 
 
 
 
 
 
 
Given the high complexity of the 3D sketching, the curves probably not as smooth as 
they should. Moreover, although following this specification, the picture shows that the 
bottom line (Figure 5.10) of the component is not completely horizontal.  
Figure 5.4. Designed profile. Figure 5.5. First plane 
section. 
Figure 5.6. Second plane 
section. 
Figure 5.7. Third plane 
section. 
Figure 5.10. Component front view. Figure 5.9. Component top view. 
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6. 3D comparison with the wheel and the car floor 
All the calculations and values obtained as well as variables selected until now have 
been based on 2D simulations. This fact makes sense because the optimized zone (the 
portion of component that is located in front of the wheel) and the wheel have constant 
profile throughout the depth. However, it has been done a 3D analysis comparison 
between the system wheel + car floor including and excluding the component in order to 
see if the improvement has been also taken place in this configuration.  
6.1. Analysis without the component 
For this 3D simulation, the geometry has been imported from Solidworks in .step 
extension. Using the Modeller from Ansys, the enclosure box that contains the fluid has 
been created. 
The mesh specifications are showed below: 
 
Figure 6.1. Mesh specifications. 
No inflation method has been used because some problems occurred in the Hybrid 
initialization process. 
6.1.1. Results 
As it can be seen in the following screenshot (Figure 6.2), the road and the wheel have 
been set as moving objects in order to approximate the simulation to the real situation. 
The wheel has angular velocity and the car floor has been defined as static. All the 
measurements: distance between car floor and road, car floor and wheel and thickness 
of the car floor, have been defined exactly as the car geometry is. 
 
Figure 6.2. Velocity representation of the wheel, the car floor and the road. 
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On the next picture (Figure 6.3) it can be seen the distribution of the relative pressure. 
Due to the direct impact of the flowing air, the zone of maximum pressure is located at 
the front part of the wheel. This phenomenon has been explained already. A spot exists 
where the air after impacting the wheel doesn’t reflows in other directions. Hence, the 
velocity tends to zero. This produces a pic in the pressure contour graph. The same 
behaviour appears in the intersection between tire and road, although, on the sides and 
top of the wheel it can be seen the minimum pressure. This fact is due to the acceleration 
of the air thanks to the geometry. Thus, the pressure decreases. 
 
 
Figure 6.3. Static pressure representation of the wheel, car floor and road. 
The highest pressure is approximately 2810 Pa and located in the spots mentioned. 
6.2. Analysis with the component 
In this simulation, the geometry has been imported as parasolid (x_t extension) due to 
surface recognition problems of the Ansys Modeller, although, the entire procedure was 
the same as the previous simulation. In this case, the designed component was also set 
as static. In the picture can be seen the different surface velocities. 
6.2.1. Results 
 
Figure 6.4. Velocity representation of the wheel, the car floor, the road and the designed component. 
The next picture (Figure 6.4) represents the static pressure of the system. It can be seen 
the decrease of high pressure spots on the wheel. Of course, this situation is given by 
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the placement of the aileron. Hence, almost all the pressure that before belonged at half 
wheel now acts over the component. However, no relevant differences can be noticed in 
the behaviour of the road-wheel intersection. This is due to the space restriction imposed 
by the Formula 1 Technical regulations. 
 
 
Figure 6.5. Static pressure representation of the wheel, car floor, road and the designed component. 
6.3. Comparison 
The comparison of the coefficients can be seen below: 
 Without the 
component 
With the 
component 
BALANCE 
Drag coefficient 0,2624 0,3016 Win of 0,0392 1,1494 times worse 
Downforce 
coefficient 
-0,2616 -0,1467 Win of 0,1149 1,7832 times better 
Aerodynamic 
efficiency 
coefficient 
-0,9969 -0,4866 Win of 0,5103 2,0487 times better 
Figure 6.6. Aerodynamic coefficients comparison between the two described 3D systems (including and excluding the 
component). 
Even the improvement can be noticed, it is not as much as the one obtained during the 
2D optimization. These coefficients found are referred to the wheel in the first case 
weather in the second case are referred to the wheel and the aileron. However, it has 
been calculated the particular values for each item: 
 
3D simulation 
Without the 
component 
With the component 
Wheel Wheel Component Total 
Downforce 
coefficient 
-0,2616 -0,2493 0,1025 -0,1467 
Drag coefficient 0,2624 0,1717 0,1298 0,3016 
Aerodynamic 
efficiency 
coefficient 
-0,9969 -1,4515 0,7896 -0,4866 
Figure 6.7. Aerodynamic coefficients of the 3D systems itemized by part. 
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Although, the values obtained in the 2D simulation have been: 
2D simulation 
Without the 
component 
With the component 
Wheel Wheel Component Total 
Downforce 
coefficient 
-3,2042 -2,5715 3,6693 1,0978 
Drag coefficient 2,2603 -0,8200 3,4257 2,6057 
Aerodynamic 
efficiency 
coefficient 
-1,4176 -3,1360 8,6196 0,4213 
Figure 6.8. Aerodynamic coefficients of the 2D systems itemized by part. 
Such a big difference is explained by the system defined in each simulation. In the 2D 
simulation, the system was only a profile of the real 3D. In fact, the 2D planar geometry 
belongs exclusively to the section view where the aileron, wheel and floor have constant 
profile. 
 
 
The only part optimized has been the showed above. On one hand, due to the 
geometrical restriction of the technical regulations manual, it is not allowed to place any 
element in front of the external half of the wheel. Given the big affectation of the wheels’ 
aerodynamic efficiency over the total efficiency (considering the component designed), 
this limitation made the 3D results to not be as good as the 2D. On the other hand, in 
this project the shape of the component that connects the subsystem 1 with the chassis 
(subsystem 2) has not been studied. Hence, only a portion of the frontal area of the 3D 
system showed in the pictures (Figure 6.10, Figure 6.11 and Figure 6.9) has been 
improved. 
 
 
Figure 6.10. 2D plane showed in 
the 3D system: Wheel, car floor 
and designed component. 
Figure 6.11. Optimized area 
showed in the 3D system: Wheel, 
car floor and designed component. 
Figure 6.9. Not optimized areas 
showed in the 3D system: Wheel, car 
floor and designed component. 
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7. 3D comparison with the full car 
7.1. Analysis with the component 
Finally, it has been done the 3D simulation with the entire car and the designed 
component. The results have been compared to the ones obtained with the values 
calculated in the section 3. 
Due to the complex shape of the designed element, the parameters used in the 
Modelling, Meshing and Set Up of this simulation are not the same as the ones used in 
the first 3D simulation of the car. 
The parameters used have been: 
 
 
 
 
 
 
 
The table on the left (Figure 7.2) represents the boundary box measurements. The 
complexity of the geometry made it to be considerably smaller than the one used in the 
3D simulation of the car alone.  
In the table on the right it can be seen the meshing parameters used during the procedure 
(Figure 7.1). 
The overall view of the mesh is the following: 
 
Figure 7.3. Final mesh view. 
7.1.1. Results 
As in the other simulations, the road has a translational velocity of 54,5790 m/s, the car 
remained static and the wheels have an angular speed of 162.9224 rad/s (corresponding 
to 54,5790 m/s in the outer surface of the wheel, the one in contact with the road). These 
Figure 7.2. Enclosure box dimensions. Figure 7.1. Mesh specifications. 
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concepts can be seen in the picture below (Figure 7.4): the car and component have a 
dark-blue colour, the road is green and the wheels have a gradual colour transition from 
the axis to the external surface.  
It has to be keep under consideration that a high percentage of the colours visible in the 
screenshot below pertain to the approximately 60% of the colour legend. 
 
Figure 7.4. Velocity representation of the car, wheels, component, road and car symmetry plane. 
From the velocity contour chart (Figure 7.4), several important ideas can be highlighted. 
However, the overall behaviour of the fluid is almost the same as the 3D simulation of 
the car alone. Those are: 
- Due to the narrowing of the area of the flowing fluid under the nose of the car, 
the velocity increases up to 2,3 times the inlet velocity of 54,5790 m/s (explained 
with the mass conservation equation). This spot is where the fluid reaches its 
maximum speed. 
- Due to the sharpness of the geometry the boundary layer is detached on the 
higher spot of the car. 
- Due to the curvature of the chassis the air cannot reattach to the car. Hence, it 
creates a low velocity area (blueish) behind the car. 
The following picture (Figure 7.5) shows the static pressure distribution all over the car, 
wheels, component, road and the car symmetry plane.  
 
Figure 7.5. Static pressure representation of the car, wheels, component, road and car symmetry plane. 
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Like in the velocity representation, it has to take in account that the “clear orange” colour 
is already negative pressure. Hence, the range of visible colours of the contour chart is 
the top portion of the legend, excepting specific spots with deep negative pressure. Of 
course, the location of the lowest pressure is under the nose of the car, where the 
maximum speed is reached. As mentioned, the higher the air speed is, the lower the 
pressure. This behaviour has been already explained in previous simulations using the 
Bernoulli Equation. 
The picture below (Figure 7.6) represents the static pressure over the road, rear wheel 
and aileron.  
 
Figure 7.6. Static pressure representation of the rear wheel, component and road. 
It can be seen that the higher pressure areas are still the front part of the wheel and its 
intersection with the road. However, the aileron is also affected by these high pressures. 
On one hand, the reason of the reddish colouration of the first two spots has already 
been explained in other simulations. Due to its geometry, the air impacts with the solid 
and remains almost static: low velocity areas are created, hence, high pressure zones. 
On the other hand, the position of the aileron in that exact spot produces a displacement 
on the pressure affectation over the wheel. This means that part of the air that before 
impacted the wheel now is absorbed by the aileron. Hence, the centre of pressures over 
the wheel moves to the outer part (with car symmetry plane as reference). 
The low pressure spots are due to high velocity given the changes in the geometry. This 
fact can be seen in the outer and top part of the wheel as well as in the aileron. 
The drag and downforce coefficients found have been listed in the table below (Figure 
7.7): 
 Font wheel 
Rear wheel + 
aileron 
Car Overall 
Downforce 
coefficient 
-0,1683 -01021 0,6449 0,3745 
Drag coefficient 0,1762 0,1678 0,5302 0,8742 
Aerodynamic 
efficiency coefficient 
-0,9553 -0,6084 1,2165 0,4284 
Figure 7.7. Aerodynamic coefficients of the 3D system composed by the car, the wheels and the component. 
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7.2. Comparison 
The table below (Figure 7.8) shows the different results obtained in the first simulation, 
where the geometry was only the car, and the last simulation, where the geometry was 
composed by the car and the aileron. 
CAR ALONE Downforce coefficient Drag coefficient 
Aerodynamic 
efficiency coefficient 
Font wheel -0,1312 0,1579 -0,8311 
Rear wheel -0,1646 0,2224 -0,7402 
Chassis 0,7287 0,5460 1,3345 
Overall 0,4328 0,9263 04673 
    
CAR WITH AILERON Downforce coefficient Drag coefficient 
Aerodynamic 
efficiency coefficient 
Font wheel -0,1683 0,1762 -0,9553 
Rear wheel + aileron -01021 0,1678 -0,6084 
Chassis 0,6449 0,5302 1,2165 
Overall 0,3745 0,8742 0,4284 
Figure 7.8. Aerodynamic coefficients comparison of the 3D geometries (including and excluding the component). 
Given the purpose of the project, the remarkable coefficient values from the listed above 
are the ones that belong to the rear wheel system and the overall geometry. It also has 
to be clarified that, the wheel and the aileron compose the rear wheel system on the 
second simulation. 
7.2.1. Rear wheel system 
This study has been following the improvement in the rear wheel aerodynamics. Hence, 
the values that determine if the optimization has been appropriate are the ones referred 
to that system.  
It can be seen an improvement in the three coefficients when including the designed 
component. The downforce and aerodynamic efficiency have increased and the 
downforce has decreased. This same effect has been seen in the 3D simulation of the 
system composed by the wheel, the aileron, the road and the car floor. 
REAR WHEEL 
SYSTEM 
CAR ALONE 
CAR WITH 
AILERON 
BALANCE 
Drag coefficient 0,2224 0,1678 Loss of 0,0625 1,3254 times better 
Downforce 
coefficient 
-0,1646 -0,1021 Win of 0,0546 1,6121 times better 
Aerodynamic 
efficiency coefficient 
-0,7402 -0,6084 Win of 0,1318 1,2166 times better 
Figure 7.9. Rear wheel system aerodynamic coefficients comparison between the 3D geometry System including and 
excluding the component. 
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7.2.2. Overall geometry 
Although the placement of the aileron reduces the drag of the overall geometry, it has a 
negative effect on the downforce and aerodynamic efficiency. Thanks to this simulation 
it could be seen the dependence between this factors. 
OVERALL 
GEOMETRY 
CAR ALONE 
CAR WITH 
AILERON 
BALANCE 
Drag coefficient 0,9263 0,8742 Loss of 0,0520 1,0596 times better 
Downforce 
coefficient 
0,4328 0,3745 Loss of 0,0583 1,1557 times worse 
Aerodynamic 
efficiency 
coefficient 
0,4673 0,4284 Loss of 0,0389 1,0908 times worse 
Figure 7.10. Overall system aerodynamic coefficients comparison between the 3D geometry System including and 
excluding the component. 
The following charts (Figure 7.11, Figure 7.12 and Figure 7.13) show the values 
differences in the different geometry parts: 
 
Figure 7.11. Downforce coefficient chart of the 3D geometry including and excluding the component. 
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Figure 7.12. Drag coefficient chart of the 3D geometry including and excluding the component. 
 
Figure 7.13. Aerodynamic efficiency coefficient chart of the 3D geometry including and excluding the component. 
It has to be taken into account that: 
- Higher downforce and aerodynamic efficiency values are better. 
- Lower drag values are better. 
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The three charts (Figure 7.11, Figure 7.12 and Figure 7.13) show that the only part of 
the car that improves its parameters is the rear wheel. Besides this benefit, the 
incorporation of the designed element indirectly reduces the drag in the chassis as well 
as in the overall geometry.  
The decrease of the overall geometry aerodynamic efficiency even though the rear wheel 
system (inside the overall geometry) efficiency has been improved can only be explained 
by the negative effect of the placement of the component to the geometry of the car 
behind it. 
 
Figure 7.14. Top view of the car including the component separated by zones: same geometry, improved area and 
negatively affected area. 
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(Eq. 15) 
(Eq. 14) 
8. Affectation 
8.1. Weight 
Considering the maximum density permitted and the known volume of the aileron, the 
weight can be calculated: 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = 𝑣𝑜𝑙𝑢𝑚𝑒 · 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑜𝑛𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = 10600,87279 𝑐𝑚3 ·
192 𝑔
𝑐𝑚3
= 2035 𝑔 = 2. ,0353 𝑘𝑔 
Hence, given that the component must be in front of each wheel, the total amount of 
weight added to the car is 4,0707 kg. 
The minimum weight permitted of a car is 728 kg, as it describes the document [1]: 
ARTICLE 4 : WEIGHT  
4.1 Minimum weight :  
The weight of the car, without fuel, must not be less than 728kg at all times during 
the Event.  
If, when required for checking, a car is not already fitted with dry-weather tyres, it 
will be weighed on a set of dry-weather tyres selected by the FIA technical 
delegate. 
 
This value is not close to the average weight of a car during a race, because it does not 
consider neither the fuel or the pilot. Thus, the affectation in the total weight has been 
calculated with this number because it is the worst case. Therefore: 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑓𝑒𝑐𝑡𝑎𝑡𝑖𝑜𝑛 =
𝑝𝑎𝑟𝑡 𝑤𝑒𝑖𝑔ℎ𝑡
𝑡𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡
∗ 100 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑎𝑓𝑓𝑒𝑐𝑡𝑎𝑡𝑖𝑜𝑛 =
4,0707 𝑘𝑔
4,0707 + 728 𝑘𝑔
∗ 100 = 0,5561% 
As it can be seen, the total weight alteration is insignificant. 
8.2. Gravity centre 
The incorporation of the designed elements in the car may produce some changes in the 
mass centre as well. Despite not knowing the gravity centre coordinates of the car (with 
no modifications), it can be calculated the how the incorporation of the component affects 
in the overall mass centre (MC) 
Due to the car and ailerons YZ-plane symmetry referred to the picture below (Figure 8.1), 
the mass centre is placed on that plane in every case. The picture shows the axis 
coordinates system and the origin (blue point). 
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(Eq. 16) 
 
Figure 8.1. Isometric 3D car view. 
Procedure followed for the calculus of the affectation of the MC variation due to the 
inclusion of the designed ailerons: 
Definitions: 
XCM
final: x coordinate of the final Mass Centre (car and ailerons). 
XCM
0: x coordinate of the Mass Centre of the car without ailerons. 
XCM
1: x coordinate of the Mass Centre of the ailerons. 
Vol(Ωfinal): Volume of the car with ailerons. 
Vol(Ω0): Volume of the car without ailerons.  
Vol(Ω1) = ΔVol = Vol(Ωfinal) - Vol(Ω0): Increment of volume, same as the volume of the 
ailerons. 
Ρfinal(x,y,z): Density of the car and ailerons, function of the coordinates. 
Ρ0(x,y,z): Density of the car without ailerons, function of the coordinates. 
Ρ1(x,y,z): Density of ailerons, function of the coordinates. 
 
The mass centre is defined as: 
𝑥𝑀𝐶 =
1
𝑉𝑜𝑙(𝛺)
∫ 𝑥 · 𝜌 𝑑𝛺 
Hence: 
𝑥𝑀𝐶
𝑓𝑖𝑛𝑎𝑙 =
1
𝑉𝑜𝑙(𝛺𝑓𝑖𝑛𝑎𝑙)
∫ 𝑥 · 𝜌𝑓𝑖𝑛𝑎𝑙  𝑑𝛺 =
1
𝑉𝑜𝑙(𝛺0) + 𝛥𝑉𝑜𝑙
· (∫ 𝑥 · 𝜌0 𝑑𝛺
𝛺0
+ ∫ 𝑥 · 𝜌1 𝑑𝛺
𝛥𝑉𝑜𝑙
) = 
=
1
𝑉𝑜𝑙(𝛺0) + 𝛥𝑉𝑜𝑙
· ∫ 𝑥 · 𝜌0 𝑑𝛺
𝛺0
+
1
𝑉𝑜𝑙(𝛺0) + 𝛥𝑉𝑜𝑙
· ∫ 𝑥 · 𝜌1 𝑑𝛺
𝛥𝑉𝑜𝑙
= 
=
1
𝑉𝑜𝑙(𝛺0) + 𝛥𝑉𝑜𝑙
· 𝑥𝐶𝑀
0 · 𝑉𝑜𝑙(𝛺0) +
1
𝑉𝑜𝑙(𝛺0) + 𝛥𝑉𝑜𝑙
· 𝑥𝐶𝑀
1 · 𝛥𝑉𝑜𝑙 
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(Eq. 17) 
(Eq. 18) 
(Eq. 19) 
Thus: 
𝑥𝑀𝐶
𝑓𝑖𝑛𝑎𝑙 =
𝑉𝑜𝑙(𝛺0)
𝑉𝑜𝑙(𝛺𝑓𝑖𝑛𝑎𝑙)
· 𝑥𝐶𝑀
0 +
𝛥𝑉𝑜𝑙
𝑉𝑜𝑙(𝛺𝑓𝑖𝑛𝑎𝑙)
· 𝑥𝐶𝑀
1  
This same procedure can be done to solve for the z coordinate. 
𝑧𝑀𝐶
𝑓𝑖𝑛𝑎𝑙 =
𝑉𝑜𝑙(𝛺0)
𝑉𝑜𝑙(𝛺𝑓𝑖𝑛𝑎𝑙)
· 𝑧𝐶𝑀
0 +
𝛥𝑉𝑜𝑙
𝑉𝑜𝑙(𝛺𝑓𝑖𝑛𝑎𝑙)
· 𝑧𝐶𝑀
1  
Values known: 
Vol(Ωfinal)= 34,33902237 m
3 
Vol(Ω0)= 34,3178205 m
3 
ΔVol = 0,0212019 m3 
XCM
1= 4379,24 mm 
ZCM
1= 294,20 mm 
Then: 
𝑥𝑀𝐶
𝑓𝑖𝑛𝑎𝑙 = 0,99938 · 𝑥𝐶𝑀
0 + 0,000617 · 𝑥𝐶𝑀
1 = 0,99938 · 𝑥𝐶𝑀
0 + 2,704    𝑚𝑚 
𝑧𝑀𝐶
𝑓𝑖𝑛𝑎𝑙 = 0,99938 · 𝑧𝐶𝑀
0 + 0,000617 · 𝑧𝐶𝑀
1 = 0,99938 · 𝑧𝐶𝑀
0 + 0,181647    𝑚𝑚 
 
This means that the MC position of the entire system (including car and ailerons) is 
affected by a 99,9380% on where previously was the car MC and by a 0,0617% due to 
the MC location of the ailerons. Therefore, the variation of the MC with the inclusion of 
the components is irrelevant. 
8.3. Consumption – environmental impact 
The consumption of the car depends on various unpredictable variables like the gear 
that the car is using in a determinate moment. Furthermore, specific fuel consumption 
versus engine output power or the engine performance is extremely confidential data. 
Therefore, it is very difficult to calculate the affectation of the inclusion of the component 
over the car consumption. However, it can be approximated the differences in the engine 
power necessary to reach a specific speed. 
Given that the consumption depends on the force contrary to the car movement, the 
expression used to obtain it has been (Eq. 10): 
𝐹𝐷𝑅𝐴𝐺 =
1
2
𝜌𝑣2𝐶𝐷𝐴 
The power needed to keep the velocity can be calculated as: 
𝑃𝑜𝑤𝑒𝑟 = 𝐹 · 𝑣 
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(Eq. 20) 
Data: 
𝐶𝐷
𝑟𝑎𝑤 𝑐𝑎𝑟 = 0,9262655279 
𝐶𝐷
𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑐𝑎𝑟 = 0,87418832 
𝐴 = 1,6191472 𝑚2 
𝜌 = 1,225
𝑘𝑔
𝑚3
 
Thus, introducing a v = 54,5790 m/s (the one used in the simulations) in the Eq. 10: 
𝐹𝐷𝑅𝐴𝐺
𝑟𝑎𝑤 𝑐𝑎𝑟 =
1
2
𝜌𝑣2𝐶𝐷
𝑟𝑎𝑤 𝑐𝑎𝑟𝐴 = 0,5 · 1,225 · (54,5790)2 · 0,9262655279 · 1,6191472
= 2736,3968 𝑁 
𝐹𝐷𝑅𝐴𝐺
𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑐𝑎𝑟 =
1
2
𝜌𝑣2𝐶𝐷
𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑐𝑎𝑟𝐴 = 0,5 · 1,225 · (54,579)2 · 0,87418832 · 1,6191472
= 2582,5490 𝑁 
Hence: 
𝑃𝑟𝑎𝑤 𝑐𝑎𝑟 = 𝐹𝐷𝑅𝐴𝐺
𝑟𝑎𝑤 𝑐𝑎𝑟 · 𝑣 = 2736,3968 · 54,579 = 149,3498 𝑘𝑊 
𝑃𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑐𝑎𝑟 = 𝐹𝐷𝑅𝐴𝐺
𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑐𝑎𝑟 · 𝑣 = 2582,5490 · 54,579 = 140,9529 𝑘𝑊 
Due to the given formulas it can be seen that the relation between Power is the same 
than between drag coefficients: 
𝑅𝑎𝑡𝑖𝑜 𝑝𝑜𝑤𝑒𝑟 𝑛𝑒𝑒𝑑𝑒𝑑 =
𝑃𝑟𝑎𝑤 𝑐𝑎𝑟
𝑃𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑐𝑎𝑟
= 1,05972 
Considering these formulas as a proper approximation of the car behaviour, it can be 
said that the car with no modifications needs a 5,9572% more power than the modified. 
Thus, if the ratio between power consumption and power provided is the same in both 
cars, the power consumed as well as fuel consumed is a 5,9572% less in the new car. 
The ratio of fuel consumption is directly related to the emissions to the atmosphere. 
Hence, the modified car theoretically emits a 5,9572% less. 
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9. Summary of the optimization results through the 
different simulations 
The optimization procedure occurred in a specific region of the car that has been 
simplified in a 2D geometry. This chapter is a summary of the affectation when 
introducing the designed component through the different analysed systems. 
9.1. 2D system 
  Before      After 
Aileron Before After BALANCE 
Drag coefficient 2,2603 2,6057 Win of 0,3454 1,1528 times worse 
Downforce 
coefficient 
-3,2042 1,0978 Win of 4,3020 
Aerodynamic 
efficiency coefficient 
-1,4176 0,4213 Win of 1,8389 
Figure 9.3. Comparison of aerodynamic coefficients before and after optimization in the 2D geometry. 
9.2. 3D reduced system 
  Before       After 
 
 
 
 
 
Figure 9.6. Comparison of aerodynamic coefficients before and after optimization in the 3D reduced geometry. 
 Before After BALANCE 
Drag coefficient 0,2624 0,3016 Win of 0,0392 1,1494 times worse 
Downforce 
coefficient 
-0,2616 -0,1467 Win of 0,1149 1,7832 times better 
Aerodynamic 
efficiency 
coefficient 
-0,9969 -0,4866 Win of 0,5103 2,0487 times better 
Figure 9.1. 2D geometry before optimization. Figure 9.2. 2D geometry after optimization. 
Figure 9.4 . 3D reduced geometry before optimization. Figure 9.5. 3D reduced geometry after optimization 
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9.3. 3D rear wheel system in the overall geometry  
  Before       After 
   
 
 
 
 
 
 Before After BALANCE 
Drag 
coefficient 
0,2224 0,1678 Loss of 0,0625 1,3254 times better 
Downforce 
coefficient 
-0,1646 -0,1021 Win of 0,0546 1,6121 times better 
Aerodynamic 
efficiency 
coefficient 
-0,7402 -0,6084 Win of 0,1318 1,2166 times better 
Figure 9.9. Comparison of aerodynamic coefficients before and after optimization of the 3D rear wheel system in the 
overall geometry. 
9.4. 3D overall geometry  
  Before       After 
 
 Before After BALANCE 
Drag coefficient 0,9263 0,8742 Loss of 0,0520 1,0596 times better 
Downforce 
coefficient 
0,4328 0,3745 Loss of 0,0583 1,1557 times worse 
Aerodynamic 
efficiency 
coefficient 
0,4673 0,4284 Loss of 0,0389 1,0908 times worse 
Figure 9.12. Comparison of aerodynamic coefficients before and after optimization of the 3D overall geometry. 
Figure 9.7. 3D rear wheel 
system in the overall geometry 
before optimization. 
Figure 9.8. 3D rear wheel system 
in the overall geometry after 
optimization. 
Figure 9.11. 3D overall geometry before optimization. Figure 9.10. 3D overall geometry after optimization. 
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10. Project timeline 
The time assigned to the project has been around five months. The Gantt chart showed 
below itemizes the different tasks done during the study: 
 
Figure 10.1. Chart project timeline. 
As it can be seen in the chart (Figure 10.1), the self-learning of Ansys has been the part 
that lasted the most. This is due to the complexity of the 3D simulations and the lack of 
information found on internet. The learning-curve has been slow due to the numerous 
variables. On the contrary, there was not such a problem with the 2D analysis. Given 
that the long-durable self-learning period, the information research also has lasted for 
several weeks. 
11. Execution and sample 
Given that the project is a theoretical analysis, it has not been considered the real 
production or even implementation of the part designed. What’s more, the study is far 
from the real case due to all the simplifications done in geometry and fluid behaviour.  
Although, it has been requested a quotation of a scaled aileron with the purpose to get 
a physical idea of the product. This sample has been decided to produce using 3D 
printing. This manufacturing technology can easily achieve complex geometries and 
does not have an extremely rough surface finish. The material used, because of the 
price, has been plastic. Nowadays the 3D printing technologies have an increasing range 
of materials and given its fast development, the prices are decreasing rapidly. 
Quote of a 10% scaled part: 
3D VIEW BOUNDARY BOX SIZE PRICE 
 
68 x 74,33 x 50 mm3 
29,50€ for a single part 
(13,77€ if 100 units 
requested) IVA not included 
Figure 11.1. . Quotation information. 
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12. Project cost 
This project is a theoretical analysis of the aerodynamics and design of a component 
that improves the efficiency of the rear wheels. Thus, the cost of the study can be mainly 
itemized into different fields: engineering, software, hardware, sample, unforeseen 
events and industrial profite. 
The engineering cost has been calculated based on the amount of hours spent on the 
project. The university approximates this value assigning the TFG subject a total of 12 
credits, equivalent to 300 hours. It has been considered a salary of 25€ /hour for a junior 
engineer.  
Another aspect to reflect in the costs is the software. During this study, two different 
programs have been used: SolidWorks for the modelling and Ansys Fluent for the 
simulations. Both have a free student and a full version. Given that this project is meant 
to be requested to a graduated non-student engineer, the full version has been computed 
in the costs. The two programs have an annual license. Moreover, it has been only 
considered the proportional usage-time of these licenses. Thus, given that the project 
duration is approximately 5 months, the factor is 0,4166. 
Of course, the simulations have ran in a laptop, whose amortization has been taken into 
account considering a product life of 4 years. Hence, the amortization coefficient of the 
laptop is 0,1042. 
As well, the price of the sample quotation has been computed. 
Finally, the unforeseen events has been approximate as a 5% over costs explained until 
now. 
Although the purpose of the designed component has been reached, the aerodynamic 
efficiency of the overall car does not improve. For that reason, it is very probable that if 
a Formula 1 team requests this study, the implementation of the aerodynamic element 
will not take place. However, if the racing team decides to attach the component, the 
engineering team will add a new cost item: the industrial profit. This parameter has been 
set as a 5% of the overall cost of the project. 
The summary of the costs can be seen in the Figure 12.1. 
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Field Description 
Quantity/Amortization 
coefficient 
€/item Subtotal 
Engineering Working time 300 hours 25€/hour 7.500 € 
     
Software 
SolidWorks 1 unit 5.490€ 5.490 € 
Solidworks 
license 
0,4166 1.000€ 411,6 € 
Ansys 1 unit 29.322€ 29.322 € 
Ansys license 0,4166 1.500€ 624,9 € 
     
Hardware Computer 0,1042 800€ 83,36 € 
     
Scaled sample Scaled sample 1 unit 29,5€ 29,5 € 
  Subtotal (without IVA) 43.461,36 € (1) 
IVA IVA 21% of (1) 9.126,89 € 
 Subtotal (with IVA) 52.588,25 € (2) 
Unforeseen 
events 
Unforeseen 
events 
5% of (2) 2.629,41€ 
 
Subtotal considering 
unforeseen events (with IVA) 
55.217,66 € (3) 
Industrial profit Industrial profit 5% of (3) 2.760,88 € 
  Total (with IVA) 57.978.54 € 
Figure 12.1. Summary of the project costs itemized. 
Hence, the following chart (Figure 12.2) shows the effect of each variable described 
above over the total cost of the project: 
 
Figure 12.2. Chart of the project cost itemized. 
12.94%
61.83%
0.14%
0.05%
15.74%
4.54%
4.76%
PROJECT COSTS
Engineering Software Hardware Scaled sample
IVA Unforeseen events Industrial profit
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13. Conclusions 
Considering the obtained data, the improvement of the aerodynamics of the Formula 1 
rear wheels due to the incorporation of the designed component has been checked.  
More precisely, the aerodynamic efficiency coefficient of the rear wheels has increased 
by a factor 1,2166. 
At the same time, two other relevant conclusions can be extracted from the simulations. 
On one hand, during the evaluation of the relative position between main and secondary 
ailerons, the results showed that the variables values that optimized the aerodynamics 
of the geometry (composed by rear wheel and the two ailerons) were the ones that made 
the wheel aerodynamic efficiency to maximize. Therefore, the optimal geometry of the 
component was the one that made the wheel to behave the best. Hence, it has been 
deducted that the wheel has bigger influence over the optimized system than the 
designed element. 
On the other hand, despite improving the efficiency of the rear wheels, the incorporation 
of the aerodynamic piece made the overall efficiency to be 1,0908 times worse. This fact 
has been attributed to the interaction between the fluid and the geometry located behind 
the rear wheels. Given the alteration of the flow in that area, the downforce decreased 
as well as the drag force. However, the loss has been bigger in the downforce, fact that 
made the global aerodynamic efficiency reduce. 
Concerning the incorporation of the aerodynamic element in the car geometry, several 
aspects must be mentioned. Given the lightweight material chosen to manufacture the 
part, the influence over the car weight has been a 0,5561%. At the same time, the 
displacement of the mass center of the system composed by the car and the designed 
aileron has been almost imperceptible. As previously said, the overall drag coefficient 
diminished when including the component in the car. This contributed to the reduction of 
fuel consumption. However, the modified car cannot reach its previous top speed due to 
the decrease of the downforce. 
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